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Abstract 
Retinal prostheses are e1nerging as a viable therapy option for those blinded 
by degenerative eye conditions that destroy the photoreceptors of the retina 
but spare the retinal ganglion cells (RGCs). J\1y research sought to address 
the issue of how a retinal prosthesis 1night best activate these cells by way of 
electrical sti1nulation. 
Whole-cell patch cla1np recordings were 1nade in explanted retinal wholemount 
preparations fron1 norn1ally-sighted rats. Sti1nulating electrodes were fab-
ricated from nitrogen-doped ultra-nanocrystalline diamond (N-UNCD) and 
placed on the epiretinal surface, adjacent to the cell son1a. Electrical sti1nuli 
were delivered against a distant 1nonopolar return electrode. Using rectan-
gular , biphasic constant current wavefonns as employed by 111odern retinal 
prostheses, I exan1ined which waveforn1 parameters had the greatest effect on 
RGC activation thresholds. In a second set of experi1nents intracellular current 
injection was employed to assess the effectiveness of sinusoidal current wave-
fonns in selectively activating different RGC subsets . These recordings were 
used to validate a biophysical model of RGC activation. In all cases, recorded 
cells were identified and classified based on 3D confocal reconstruction of their 
1norphology. 
-
Electrodes fabricated fron1 N-UNCD were able to electrically activate RGCs 
while re1naining well within the electroche1nical li1nits of the material. They 
were found to exhibit high electrochen1ical stability and were resistant to mor-
phological and electrochen1ical changes over one week of continuous pulsing at 
charge inj ection li1nits. 
Retinal ganglion cells invariably favoured cathodic-first bi phasic current pulses 
of short first-phase duration, with a small interphase interval. The 111ajority 
of cells (63%) were 1nost sensitive to a highly asym1netric wavefonn: a short-
cathodic phase followed by a longer duration, lower a1nplitude anodic phase. 
Using the opti1nal interphase interval led to 1nedian charge savings of 14% 
co1npared to the charge required in the absence of any inter-phase interval. 
Opti1nising phase duration resulted in 111edian charge savings of 22%. 
All RGCs becan1e desensitised to repetitive electrical sti1nulation. The efficacy 
of a given sti1nulus delivered repeatedly decreased after the first stimulus; sta-
bilising at a lower efficacy by the thirtieth pulse. This asymptotic efficacy 
decreased with increasing sti1nulus frequency. Cells with s1naller so1nas and 
dendritic fields ·were better able to sustain repetitive activation at high fre-
quency. 
Intracellular sinusoidal stin1ulation was used to de1nonstrate that certain RGC 
subsets ; defined on the basis of 1norphological type ; stratification , and size, 
v.rere 1nore responsive to high frequency sti1nulation. Sin1ulated RGC responses 
were validated by experi1nental datai which confinned that ON cell responses 
were heavily suppressed by sti1nulus frequencies of 20 Hz and higher. OFF 
cells , on the other hand; were able to sustain repetitive activation over all 
tested frequencies. Additional sin1ulations suggest this difference n1ay be plau-
sibly attributed to the presence of low-voltage-activated calciun1 channels in 
OFF but not ON RGCs. 
The results of 1ny work de1nonstrate that (a) N-UNCD is a suitable 1naterial 
for retinal prosthesis applications; (b) a careful choice of electrical waveforn1 
paran1eters can significantly in1prove prosthesis efficacy; and ( c) it 1nay be 
possible to bias neural activation for certain RGC populations by varying the 
frequency of sti1nulation. 
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Chapter 1 
The Retina 
The visual syste1n is arguably the 1nost co1nplex of the sensory syste1ns. Vision 
allows the individual to construct a representation of the world fro1n light 
and facilitates the perception and interpretation of t he visual scene. Light 
entering the eye (fig. 1.1) is projected onto the retina, a photosensitive organ 
that represents the earliest stage of the visual syste1n. The retina converts 
incident light into electrical signals, which are then conducted to the brain via 
the optic nerve. An impressive amount of processing takes place before visual 
stin1ulation of t he retina can be translated into s-ignals that are understood 
by later neural processing stages. I briefly review the general function of the 
retina in this chapter . 
Although the experin1ental ani1nal used throughout this thesis is the rat ( Rat-
tus norvegicus), the research was conducted to facilitate the developn1ent of 
visual prosthetic devices for hu1nans. It is, therefore, necessary to describe the 
retina in a con1parative fashion , co1nparing several animal species, including 
rats and prirnates. 
1.1 Anatomy and physiology 
The retina is a thin fihn of t issue lining t he inner wall of t he eye. It con-
tains five broad classes of neurons (Kolb et al., 2007), which are organized 
into three cellular (nuclear) layers and separated by two synaptic (plexiform) 
layers (fig. 1.2). Photoreceptors are housed in the outer nuclear layer (ONL) 
and serve to detect and signal the presence of light in the visual field. " Hor-
izontal , bipolar and an1acrine cells situated in the inner nuclear layer (INL) 
1 
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Figure 1.1. Schematic of the human eye. R. , retina ; Ch ., choroid ; C. , cornea ; 
a.h. , aqueous humour; Sc. , sclera ; n., optic nerve; /., lens ; /., iris ; v.h ., vitreous 
humour ; y.s. , yellow spot , or macula lutea. Taken from T homson ( 1916). Source 
URL: http ://etc.usf.edu / clipart . 
have nun1erous roles and are responsible for 1naintaining the visual system 's 
sensit ivity to visual contrast of the incon1ing in1age, a1nong other things . The 
ganglion cell layer represents the output of the retina in which ganglion cells 
t rans1nit inforn1ation about retinal stin1ulation t o t he brain t hrough t heir ax-
ons, which pass t hrough the opt ic disc and leave the eye t o form t he opt ic 
nerve . The pri1nate retina is hon1e to 1nult iple subtypes of each neuron class 
·wit h at least two types of horizontal cell , 12 types of bipolar cell , 29 types of 
an1acrine cell and 10- 15 types of retinal ganglion cell ( 1asland ; 2001: \Vas ·l 
200-J) . 
The retinae of hu1nan and non-hu1nan prin1ates share much in con11non, includ-
ing t he 1norphology and organization of retinal circuit ry, and t he processing 
of neural activity through several parallel pathways (Dacey; 1993; ... l a,: land, 
2001: \Yas~le . 200-J) . In the fo llowing sections , some key features of the pri-
mate visual syste1n ,;i,-ill be discussed ; v .. ,it h part icular e1nphasis on t he ganglion 
cells of the retina. 
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1.1.1 Photoreceptors 
Light must traverse the cornea, aqueous hun1our , lens, vitreous hu1nour, and 
a great deal of retinal tissue before it can be absorbed by the photoreceptors 
(Kolb et al., 2007) . The transduction of light takes place in the outermost 
retinal layer where photons are absorbed by the outer segn1ents of rods and 
cones, the two classic types of photoreceptor cell found in the pri1nate retina. 
Rods are highly sensitive to light intensity and 1nediate vision in di1n light , but 
saturate at regular daylight intensities. They consequently play little part in 
visual processing during the day. Conversely, cones are responsible for colour 
vision and can operate over a wide range of bright light. They function poorly 
in di1n light . The distribution of rods and cones varies greatly over the retinal 
surface and is nowhere more conspicuous than in the fovea, a s1nall, central 
region of the 1nacula, the latter being the yellow-coloured central retinal region 
that is protected fro1n sun dan1age by luten (Schalch, 1992). The fovea has 
a densely-packed cone arrange1nent and few rods. Only cones populate the 
very centre of the fovea in a region known as the foveola. Here, the centre-to-
centre spacing of cones is s1nallest. Together with the focal length f of the eye, 
the cone spacing s determines the smallest visual angle ( <D = s / f) that can 
be resolved (Mather, 2009) and therefore underlies the anato1nical lin1it for 
visual acuity (Curcio et al., 1990) . As distance froin the fovea increases, cone 
photoreceptor density falls sharply fron1 199,000 cones per square 1nilli1netre to 
less than 16,000 cones/n11n2 in the periphery (Curcio et al., 1990) and central 
vision gives way to lower-resolution peripheral vision. 
1.1.2 Midget and parasol pathways 
Within the outer plexiform layer (OPL) of the 1na1nmalian retina, photorecep-
tors synapse with bipolar cells and receive inhibitory feedback fro1n horizontal 
cells. Bipolar cells are classified as either rod bipolar or cone bipolar cells cor-
responding to the type of photoreceptor that supplies their input. Most cone 
0 
bipolar cells of the pri1nate retina receive input fro1n between five and ten 
cones ·(wassle, 2004). Bipolar cells in turn synapse with retinal ganglion cells 
and are laterally inhibited by amacrine cells within the inner plexiforn1 layer 
(IPL). It follows that signals generated by a given photoreceptor can traverse 
the neural network and reach the ganglion cell layer in a n1ultitude of ways. 
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Figure 1.2. A transverse section of the retina. RPE, retinal pigment epithe li um ; 
05, outer segments ; IS, inner segments ; ONL , outer nuclear layer; OPL , out er 
plexi form layer; /NL , inner nuclear layer; IPL , inner plexiform layer; GCL , ganglion 
cell layer. Image from the Human Retina Teaching Set , Scheie Eye Insti tute , 
University of Pennsy lvania . 
A ganglion cell outside of the fovea generally synapses vvith a large nu1nber of 
cells in the inner nuclear layerj ·which in turn receive input fro1n many pho-
toreceptors . Such a cell is said to have a large receptive field. This tern1 \i\ra.s 
first coined by Hartline (1938) to describe the surface area of the retina that 
responds to light stin1ulation ·with an increase in neural activity. As cellular 
density in the retina increases 1 receptive field size decreases and is s1nallest 
for cells located in the fovea (fig. 1. 3). One particular type of foveal ganglion 
cell i the 111idget ganglion cell , receives input fron1 a single ( 1nidget) bipolar 
cell: which itself receives input fron1 a single cone. Iviidget ganglion cells con-
stit ute around 70% of the total ganglion cell population in the prin1ate retina 
(?\ Iasland j 2001 ). The midget pathway ( cone -+ n1idget bipolar -+ midget gan-
glion -+ brain) enables the transn1ission of fine spatial detail and underlies 
high visual acuity in pri1nates . 
The parasol pathway pro, ides another 111ajor source of input to the visual sys-
ten1. Parasol ganglion cells 1nake up 8% of all ganglion cells in the primate 
(::\Iasland : 2001 ) and are thought to conve) achro1natic inforn1ation concern-
ing n1oven1ent and lu1ninance (Dacey and Petersen , 1992). The i1nportance 
of the;:;e two pathways is highlighted by studies t hat in, estigate the effect of 
lesions on visual task perforn1ance of 111onkeys. \i\Then cells of the n1idget 
ON AND OFF PATHWAYS 5 
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Figure 1.3. Examples of midget ganglion cell morphology for varying eccentricity, 
indicated next to each eel I. Dend ritic density decreases and field size increases with 
distance from the central retina. Modified from Dacey (1993). 
pathway are destroyed, tasks such as pattern detection and colour discrin1-
ination are severely compromised (Schiller et al., 1990), while lesions of the 
parasol patl~way result in a profound reduction in sensitivity to motion and 
flicker perception (JVIerigan and Eskin, 1986; ]\/Ierigan et al., 1991). Lesions of 
both pathways result in a near-con1plete loss of vision (Schiller and Logothetis, 
1990) . 
The n1idget and parasol ganglion cell classes of the primate together account 
for a great deal of visual information leaving the retina. Certain neural prop-
erties allow each class to handle different aspects of visual pr~cessing (Schiller 
and Logothetis, 1990; Schiller et al., 1990; JVIerigan et al., 1991). The large 
receptive fields of parasol cells are generated as a result of their extensive den-
dritic field size and so can integrate information over a larger area of the visual 
field , assisting with 1noven1ent detection. The relatively sn1all dendritic fields 
of the midget ganglion cell subtypes are suited for discrimination of fine spatial 
detail , forn1ing a 1nosaic that evenly tiles the retina (Dacey, 1993; Field et al., 
2007, 2010). 
1.1.3 ON and OFF pathways 
In 1nost n1a1n1nalian species, the great 1najority of retinal ganglion cells can 
be grouped into two distinct categories according to certain functional and 
1norphological properties of their receptive fields (vVassle and Boycott, 1991). 
Kuffier (1953) discovered that receptive fields of ganglion cells in the cat have 
a specific spatial structure, characterised by a circular centre that responds 
6 
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ON-centre ganglion cell OFF-centre ganglion cell 
Figure 1.4. The responses of ON and OFF retinal ganglion cells to selective 
stimulation of their visual fields. Light shading indicates the duration of the visual 
stimulus. Adapted from Purves (2001 ). 
to either light incren1ents ( cells of this nature are tenned ON cells) or decre-
n1ents ( OFF cells) i and an antagonistic annular surround that suppresses neu-
ral activity when stin1ulated by the centre is preferred light polarity (fig. 1.4). 
These different response properties are associated with spatially distinct strat-
ification patterns within the inner plexiform layer i where OFF ganglion cell 
dendrites 1nake synaptic contact ,vith OFF bipolar cell axons in subla1nina 
a i and ON ganglion cells synapse with ON bipolar cells in sublamina b (Nel-
son et al. i 1978). I\!Ionostratified ON and OFF ganglion cells develop fron1 
bistratified retinal ganglion cells as the postnatal retina n1atures with visual 
experience (1Iaslin1 et al. , 1986; Tian and Copenhagen, 2003 ; Chalupa and 
Giinhan i 2004). It has since been de1nonstrated that 1nidget ganglion cell 
dendrites are si1nilarly organized (Field et al. i 2010). The flow of neural activ-
ity through these parallel ON and OFF pathways underlies feature detection 
and enables the retina to extract the boundaries between objects revealed by 
the contrast between relatively bright ridges and neighbouring shadows in a 
typically structured visual scene (Nelson and Kol b i 2003). 
The centre-surround receptive field structure of bipolar and ganglion cells 
arises fron1 lateral interactions with horizontal cells . These cells integrate 
input fron1 n1ultiple photoreceptors and respond to excitation of a central 
photoreceptor by inhibiting neural activity in all photoreceptors that synapse 
with the horizontal cell . The functional coupling of an excitatory photore-
ceptor response with this concentric , inhibitory horizontal cell network grants 
centre-surround antagonisn1 to the bipolar cells that receive input fron1 these 
photoreceptors (\Yerblin and Dowling: 1969; Verweij et al. i 2003). In effect , the 
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function of horizontal cells is to 1neasure an1bient light intensity and subtract 
it fro1n localised neural activity, thus accentuating changes in local luminance. 
A retinal ganglion cell encodes its output using a sequence of electrical 'spikes ' 
known as action potentials. By varyiiig the rate at which these signals are 
delivered, a ganglion cell can convey infonnation about excitatory or inhibitory 
sti1nulation through the optic nerve to the next visual processing stage in the 
brain. The action potential and the mechanisn1 by which they are generated 
are overviewed in a later section. 
1.1.4 RGC classification 
Over the last few decades, studies in the cat retina have given rise to an assort-
n1ent of retinal ganglion cell classification sche1nes. Enroth-Cugell and Robson 
(1966) discovered that for certain cell types, the neural activity elicited by de-
creases in illu1nination over one half of the receptive field could be ahnost 
con1pletely nullified by si1nultaneous illumination increases over the other half 
of the receptive field. These X cells therefore integrate their receptive field 
inputs in a linear fashion, and have S1nall receptive field sizes. Conversely, 
Y cells have large receptive fields and have highly nonlinear receptive field 
sun1111ation where, for instance, both brightness polarities lead to excitatory 
responses. The X cells are esti1nated to constitute 35- 55% of all ganglion cells 
in the cat retina, and are 111ost sensitive to fine spatial detail. Y cells con1prise 
3- 5% of the population and respond best to abrupt changes in ambient light 
(Shapley and Perry , 1986; Troy and Shou, 2002). While the precise role of X 
and Y cells in vision is not yet clear, their characteristic axonal projection pat-
terns suggest that each type constitutes an independent inforn1ation pathway 
(Troy and Shou, 2002). 
Cleland et al. (1971) expanded upon the X/Y dichoton1y with their sustained-
transient schen1e, which classifies a cell based on its response to an assortment 
of visual tests. Both transient and sustained cell types showed a rapid increase 
in activity in response to stimulation with a sn1all target spot, but transient 
cell spiking ( as their nan1e suggests) quickly · returned to the baseline level 
111aintained before sti1nulus onset (fig. 1.5). On the other hand, the level 
of activity in sustained cells re1nained significantly higher than at rest, for 
the duration of the sti1nulus. When the spot was ren1oved , spiking activity 
was heavily suppressed before gradually recovering with ti1ne. The sustained-
transient dichoton1y groups cells by their response to ( a) steady-state contrast , 
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Figure 1.5. The responses of brisk-sust ained and brisk-transient ret ina l gangl ion 
ce lls t o a st anding con trast st imulus. Horizontal brackets ind icat e st imulus du ra-
ti on . Adapted from Cleland et al. (1971). 
(b) grating patterns , ( c) visual target size and speed , and ( d) a peripheral 
stin1ulus, and accounts for ahnost all retinal ganglion cells. Cleland and Levick 
(1974) went on to de1nonstrate that cells could also be grouped according to 
fast (brisk) or slovir (sluggish) axonal conduction velocity. Cells with the fastest 
conduction velocities were of the brisk-transient class, with brisk-sustained 
velocities being slo-\ver and sluggish velocities the slowest. X cells were found 
to correspond ,;vith brisk-sustained cells , and brisk-transient cells with Y cells. 
The tern1 Ti\! cell has beco1ne used to describe cells whose physiology is neither 
X- nor Y-like. This is so1newhat regrettable, given that these cells exhibi t a 
wide variety of physiological properites and represent 45- 60% of the ganglion 
cell population (Troy and Shou, 2002) . \Ty cells collectively refer to the sluggish 
cell class in addition to the 111inority (8%) of ganglion cells that do not have 
a centre-surround receptive field structure ( Cleland and Le, ick: 197 4; Levick, 
1975) . 
"\i\lork by Boycott and "\1Vassle (1974) identified a, /3, and , cells as t hree dis-
tinct 1norphological cell types within the ganglion cell population. a cells ha e 
the largest dendritic fields , the largest son1as and t he t hickest axons of any 
ganglion cell type in t he cat retina, and are conserved in the primate and a 
wide range of other 111an1111alian species , including the rabbit , horse, ox, and 
rat (Peichl. 1991). The idea that the respecti, e 111orphological correlates of 
the physiological Y- and X-tvpes are t he a- and /3-t) pes was suggested by 
the authors of the study and later substantiated by several studies (Cleland 
and LeYick 197-l: Saito: 19 3; Stanford and J\Iurra:v Shennan, 19 4; Stanford, 
19 - 7) . An analogous connection between the anato1nical midget and para-
sol ganglion cell dichotomy and the functional parvocellular cell (P cell) and 
magnocellular (- 1 cell) dichotomy of the primate visual syste1n has also been 
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validated (Boycott and Wassle, 1991). P and M cells are nan1ed after the dis-
tinct neural layers of the lateral geniculate nucleus (LGN) in which they reside. 
The LGN is the recipient of 90% of the ganglion cell output from the macaque 
retina (Perry et al., 1984). Parvocellular neurons , i1nplicated in colour vision 
and trans1nission of fine spatial detail , receive their input fron1 1nidget cells. 
Magnocellular neurons, with their good contrast sensitivity and ability to re-
solve high te1nporal frequency infonnation, synapse with parasol cells (Leven-
thal et al., 1981; ]\/Iichael, 1988). As an unfortunate consequence of different 
groups conducting the experi1nents, the field is left with the uncon1fortable ter-
1ninology that retinal M(idget) cells feed into geniculate P( arvocellular) cells 
and retinal P( arasol) cells feed into geniculate M( agnocellular) cells. 
How well do the a-Y and /3-X cells of the cat correspond to the n1idget-P 
and parasol-M ganglion cells of the primate? The parasol cell has the thick-
est axon and largest so1na of the ganglion cell population and so appears to 
be an ideal candidate for matching the 1norphological a-type. Both M- and 
Y-types possess achro1natic light responses , have high contrast sensitivity and 
are specialized for motion detection (Dacey and Petersen, 1992; Saito, 1983; 
Kaplan and Benardete, 2001) and so their physiological properties too , seem 
well-1natched. There is disagreen1ent, however, as to whether the M cells 
of prin1ate geniculate possess the classic integratiye properties of the Y-type 
receptive field found in the cat (Petrusca et al., 2007; Crook et al., 2008). 
Also unclear is the degree to which parasol cells project their axons to the 
superior colliculus (Perry and Cowey, 1984; Rodieck and Watanabe, 1993), a 
sub-cortical region that is known to receive substantial input fro1n the a-Y cell 
population in cats (Wassle and Illing, 1980). Additionally, there is evidence 
that the anatomically si1nilar /3 and midget ganglion cells, with their relatively 
sn1all dendritic fields and axonal conduction velocities , are functionally dissin1-
1nilar (Shapley and Perry, 1986; Benardete et al., 1992). One theory reviewed 
by Shapley and Perry. (1986) asserts that there are actually two subtypes of 
M cell, Mx and My, which correspond to X and Y cells. 
The visual systen1s of the cat and primate diverge as a result of the distinct 
behavioural needs of each species. In the hu1nan, the high sa1npling density 
offered by the fovea is required to perfonn everyday tasks that depend on 
high spatial acuity. There is a si1nilar retinal feature in the cat known as 
the area centralis that · contains the highest cone density (Steinberg et al., 
1973). Although this density is significantly lower than that of cones in the 
prin1ate fovea , it works to enhance spatial resolution in low a~11bient light 
10 II - THE RETINA 
(Pasternak et al., 1983) . The cat retina is highly sensitive to stin1ulation 
under lo-\i\T light conditions (Kang et al.; 2009) and is particularly suited to 
hunting and n1ove1nent at night. It is therefore i1nportant to consider that 
·while the retinal structures of cats and pri1nates share n1uch in the ~ ay of 
n1orphological cell types and parallel pathways for visual information (Sterling, 
1983; l\Iasland, 2001; vVasslei 2004) , they are certainly not identical. 
1.1.5 The rat retina 
It is easy to accept that the visual systen1 of the rat ( see Sefton and Dreher 
1995 for review) is quite different in function fro1n that of the pri1nate. With 
its rod-do1ninated retina; the rat is prin1arily suited to vision in din1 light. As 
do all non-prin1ates , rats lack a fovea as well as the associated visual acuity, 
instead relying 1nore on other sensory cues to orient then1selves and escape 
predators in their environ1nent . The rat is , nevertheless , of interest in visual 
neuroscience research as their retina has the san1e co1nple1nent of cone bipolar 
cells as the prin1ate and cat, and expresses sin1ilar diversity to other species 
in retinal ganglion cell classes (v\ assle, 2004). 
As ·was done in the cat, the retinal ganglion cells of the rat have been 1norpho-
logically classified into three groups, according to so1na size (Fukuda, 1977; 
P erry, 1979; Huxlin and Goodchild , 1997); dendritic field size (Perry, 1979; 
Hnxlin and Goodchild , 1997), branching patterns (Perry, 1979; Huxlin and 
Goodchild, 1997) , and stratification (H uxlin and Goodchild , 1997). In the rat 
retina, RGA cells ( or si1nply A cells) are the anaton1ical correlates of the cat 
alpha cells , with their large son1ata and dendritic field sizes. RGB cells have 
s1nall son1a and dendritic field sizes , and RGc cells have s1nall-n1ediun1 so1nata 
and n1ediun1-large dendritic field sizes. Sun et al. (2002) confirn1 this classifi-
cation schen1e and provide support for another class , RGn , differentiated by 
bistratification. Interestingly, a sn1all population of alpha-type ganglion cells 
(1 % of the total ganglion cell population) has been found in t he rat and gerbil 
retina.e that exhibit Y-like physiological function and yet are thought to sen e 
son1e non-visual function (Fite et a l. , 1999; Luan ct al., 2011) . \i\ hether the 
beta cell and other 1norphological types of the cat have their counterpart 111 
the ra.t retina re1nains uncertain. 
Retinal ganglion cells in the rat have been shown to possess X- and Y-like 
properties. In their study. Heine and Pa · aglia (2011) found that rat ganglion 
cells too . had brisk and sluggish responses to a spot of light . Nlo t brisk c lls 
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Figure 1.6. Representative spiking patterns for A2 and B4 cells of the rat retina 
in response to depolarizing current injection. Number next to each trace indicates 
stimulus amplitude (pA). Vertical and horizontal scale bars represent 50 mV and 
400 ms respectively. Adapted from Wong et al. (201 2). 
also had an antagonistic centre-surround receptive field that performed either 
linear or non-linear spatial summation. The receptive field sizes of rat brisk-
sustained were, however, indistinguishable from those of brisk-transient cells. 
Given the relatively sn1all receptive fields of the beta cell compared with the 
alpha cell in the cat, this is suggestive of a functional asymmetry between X 
cells of the two species. The authors propose that since reCBptive field size 
ho1nogeneity is con11non to several other prey species, their visual syste1ns 
n1ay be more suited for threat detection, as opposed to spatial discrimination 
of targets fron1 the visual scene. 
The flow of visual information is ulti1nately shaped by the intrinsic physio-
logical differences between each cell type. With respect to retinal ganglion 
cells, they include both passive properties (resting potential Vm, 1nembrane 
input resistance Rm and 1nembrane tin1e constant Tm , discussed later in this 
chapter) and active properties; such as 1naxi1num firing rate and frequency 
adaptation. The intrinsic properties for a given cell are largely influenced by 
its n1orphological characteristics. It follows that 1norphologically distinct cell 
types .also have distinct sets of intrinsic properties ( 0 ;Brien et al. , 2002; Wong 
et al., 2012). Figure 1.6 features representative spiking patterns for A2 and B4 
cells of the rat fro1n the work of Wong et al. (2012) , which den1onstrate clear 
differences between the spike width, and 1naxin1um and steady-state spiking 
frequency of each cell type . The A2 cells of the rat were found to have very 
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si1nilar intrinsic properties to that of the alpha cell in the cat (see O 'Brien 
et al.: 2002), vvhile B4 cells ,,,ere found to be sin1ilar to cat zeta cells. On the 
other hand , there were clear differences between the properties of beta cells 
and n1any other cat cells and their supposed correlates in the rat. 
In sun1n1ary, there is n1uch to support the hypothesis that discoveries 1nade 
in the electrophysiological study of the rat A2 cell can be extrapolated to the 
alpha cell in the cat and even further , to the parasol/brisk-transient cell of 
the prin1ate. The intrinsic physiological properties of A2 cells , as well as their 
n1orphological characteristics, n1atch those of the alpha cell. Furthennore, 
there is evidence that the alpha cell is the anato1nical and functional equivalent 
of the parasol cell. Finally, the alpha cell has been found in all investigated 
n1an1111als to date. All of these findings collectively provide a sound basis 
for use of the rat retina . ( especially A2 cells) as a n1odel in prosthetic vision 
research . 
Table 1.1. A comparison of key morphologica l and electrophysiological properties 
of the rat A2 and primate parasol gangl ion cells. Rat A2 data (o: A2i , • : A2o) 
were sourced from Wong et al . (2012). Primate parasol data were taken from 
Watanabe and Rodieck (1989) (•) . Dacey and Petersen (1992) (0), and Weber 
and Harman (2005 ) ("-) . Primate dendritic field diameter was estimated for 12 mm 
eccent ricity. 
Property A2 cell Parasol cell 
S0111a diameter (µ111) 21 ± 2 o 20 ± 3 (baboon) • 
22±1 • 17±3(1nacaque) • 
DF dia1neter (µ111) 480 ± 72 o 353 (human) 0 
362 ± 26 • 299 (macaque) • 
Input resistance (MD.) 121 o 22 .5 "-
Tin1e constant ( 111s) 
Spike width (111s) 
J\.lax firing rate (Hz) 
98 • 
11.9 0 
9.5 • 
1.08 0 
0.85 • 
165 0 
204 • 
0.43 "-
92.8 "-
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1.2 Underlying concepts 
1. 2 .1 Neuronal signalling 
All cells maintain an electrical potential difference across their 1ne1nbrane. 
In the absence of stimulation, the unequal ion concentrations between the 
interior and exterior of a cell give rise to a certain resting membrane potential. 
The response of a sensory neuron to excitation involves a transient change in 
this 1nembrane potential , which depends on the biochemical properties of the 
me1nbrane and the synaptic connections 1nade by the neuron. The conduction 
of electrical impulses across a cellular 1ne1nbrane allows for signalling between 
neurons and forms the basis for information coding and transmission in the 
central nervous syste1n. 
Each of the five 1najor retinal neuron types is receptive to stin1ulation. Pho-
toreceptors, horizontal, and bipolar cells respond to light with a sustained 
graded potential, a change in n1embrane potential proportional in amplitude 
to the intensity of the stin1ulus, which persists for the duration of the stimu-
lus. These signals are passively conducted along the cellular n1en1brane. Since 
neurons are poor conductors of charge, graded potentials decay rapidly and 
are susceptible to noise and distortion as they propagate along the men1brane. 
The processes of neurons that en1ploy graded potentials ar~ short enough, 
however, that intercellular 1nessaging of this nature is effective. 
An a1nacrine or ganglion cell that receives enough excitation will respond with 
another kind of signal characterized by an abrupt, short-lived fluctuation in 
1ne1nbrane potential of fixed an1plitude and shape - the action potential, or 
spike. Stronger excitation beyond the stimulation threshold will result in 1nul-
tiple ac~ion potentials , with the strength of the stimulus encoded by the rate 
of spiking. These signals are distinguished by several phases (fig. 1. 7). During 
the rising phase, the n1e1nbrane rapidly depolarizes until it reaches a certain 
peak voltage, after which it begin~ to repolarize over the hyperpolarizing phase. 
In son1e cases the 1ne1nbrane potential will then fall below the initial membrane 
potential in the undershoot phase before returning to the resting potential. An 
action potential will excite and subsequently trigger another action potential 
in the next 1nen1brane region to· be reached as it propagates over the cell. This 
regenerative 1nechanism allows the signal to travel a great distance vrithout 
1-1 
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Figure 1.7. Phases of the typical act ion potential . When sufficiently stimulated , 
the membrane rap idly becomes highly permeable to Na+ and leaves the rest ing 
state (A) to enter the rising phase ( B) . As the action potentia I reaches its peak , 
K+ channels begin to open . Soon after Na + channels begin to close , the action 
potential enters the hyperpolarizing phase (C). Conductance of K+ begins to fall 
and the membrane reaches the original resting potentia l Vrest when Na+ channels 
are closed. The membrane potential continues to hyperpolarize and stays in the 
undershoot phase (D) as the remaining active K+ channels close before finally 
returning to the resting potentia I. 
suffering attenuation and excessive noise. Action potentials are therefore es-
sential in trans1n itting infon11ation about the visual vvorld to the brain through 
the long fibres of the optic nerve. 
Action potentials result fron1 rapid changes in the flow of certain io~1s across 
the cellular 111en1brane. The pern1eability of the 111en1brane to these ions is reg-
ulated by ion channels; which pennit ion flow in response to sti1nulation (for 
reviev.r: see Annstrong aud Hille 1998). Ion channels can be classified by the 
type of ions they allow passage (e.g. sodi un1 ions) i or by the 111echanis111 which 
leads to t heir act ivation. Voltag e-gated ion channels: activated by changes in 
n1en1brane potential; allo"VI neurons to generate and conduct electrical signals. 
The action potential was first described as a sequence of changes in sodiu1n 
(- a+) and potassiu1n (K+) conductance (see fig. 1.7) by Hodgkin and Huxley 
(1952) after a series of experin1ents in the squid giant axon. During t he rising 
phase: Na+ channels open and the 111e1nbrane becon1es extren1ely penneable 
to sodiun1 . As there is a higher concentration of sodiun1 within the extra-
cellular 1nedi un1 : t he ions fluw inv. ard and depolarize the cell. The increase 
in Na+ penneabili ty is pa.ired "\;\rit h a slower increase in penneability to K+; 
which works to repolarize the cell due to t here being a lower concentration 
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of extracellular potassiu1n. The action potential ends when the membrane 
penneability of sodium and potassium ions return to their resting levels. Ion 
channels cycle through different states over the course of stimulation. When 
excited, an ion channel opens and enters the 'activated' state. After allow-
ing a certain number of ions to traverse the 1nen1brane, the channel closes 
(i.e. becornes 'desensitised') and cannot be reactivated until after returning to 
the former 'resting' state. The duration required for a sodium or potassium 
channel to make the desensitised -+ resting transition largely contributes to 
the cell's refractory period, which li1nits the rate at which a cell can respond 
to sustained stimulation. 
1.2.2 The patch-clamp technique 
To measure ionic currents as they did in their experi1nents, Hodgkin and Hux-
ley developed an experi1nental technique known as the voltage-clamp, first · 
invented by Cole in the 1940s (Bear et al., 2006). In a voltage-cla1np exper-
i1nent , the 111embrane potential is controlled and the trans1ne1nbrane current 
required to 1naintain that potential is measured~ Here, the flow of current is 
proportional to the number of active ionic channels. Further refinement of 
the voltage-cla1np by Neher and Sak1nann (1976) resulted in the patch-clamp 
technique, which 1nade possible the recording of currents flowing through a sin-
gle ion channel (Han1ill et al., 1981) and thereby allowed the-action potential 
111echanisn1 proposed by Hodgkin and Huxley to be directly tested. 
Patch-cla1np recordings are 1nade using an electrode sheathed by a glass 111i-
cropipette with an extremely fine ( usually not much 1nore than a 1nicro1neter) 
open tip dian1eter. In the 'cell-attached' configuration, the 111icropipette tip is 
brought dos~ t.o the surface of the cell 1nembrane and suction is applied to es-
tablish ·a tight pipette-me1nbrane seal of high electrical resistance. In addition 
to i1nproving the 111echanical stability of the recording, this 'gigaseal' works to 
electrically isolate the ion channel ·of interest , reducing the corruptive influ-
ence of noise on 111easuren1ent. Fi·om this recording configuration, a whole-cell 
patch-cla1np recording can be established by rupturing the gigaseal to gain 
electrical access to the intracellular medium (fig. 1. 8). Whole-cell recordings 
typically employ a wider pipette tip (1- 2 µm) and enable the measuren1ent of 
electrical activity over the entire cell 111embrane. Although the original patch-
clamp technique was developed to obse~ve current, the experimental apparatus 
16 
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Figure 1.8. Two patch-clamp recording configurations . Cell-attached : suct ion 
is applied to gain a t ight seal betwee n the pipette and membrane . Whole-cell : a 
strong pulse of suct ion rupt ures the membrane to gain access t o the cytoplasm . 
Modified from Veitinger (2011 ). 
can be 111odified to n1easure changes in n1embrane potential in response to cur-
rent inj ection. 
The rupture of the gigaseal at the start of a whole-cell recording initiates the 
gradual replacen1ent of the intracellular n1ediu1n with the internal solution of 
the pipette. The solution is usually n1ade to approxi1nate the cytoplas1n of the 
cell so as to ext end the recording period before inevitable cell death. Typical 
internal solutions are potassiu1n- and chloride-rich, 1nade resistant to changes 
in pH , and are carefully controlled for osn1olarity. Sin1ilarly, the extracellular 
solution is con1posed to replicate the natural environ1nent of the neuron in 
vivo. A careful selection of both solutions can support neural function 111 
explanted tissue hours after isolation. 
1. 2 . 3 E lectrical st imulat ion 
Intracellular recordings have been used extensively to characterise the function 
of retinal neurons and their circuitry (e .g. I{olb and Nelson, 1984). Since t he 
prin1ary language of neurons is electrical, they can be 1nade to ' talk ' by any 
stin1ulus that results in sufficient 1ne1nbrane depolarization. The electrical 
stin1ulation of excitable tissue , together v, it h the recording of the biological 
response: forn1s t he basis for electrophysiological research. 
The electrode used to 1nake a v,rhole-cell current-clan1p recording can be used 
to deliver intracellular electrical stimuli. In this configuration , currel).t is in-
jected through t he recording electrode and flows t hrough t he cytoplas1n before 
passing through the 1ne1nbrane and finding signal ground: positioned relatively 
far a·way fron1 the cell within t he extracellular solut ion. A si1nplified electrical 
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Figure 1.9. Simplified equivalent circuit showing important circuit elements for 
whole-cell recording and intracellular electrica I stimulation. 
representation of this setup is shown in fig. 1.9. The injected current Ip encoun-
ters pipette resistance Rp ( originating from the sn1all size of the pipette tip) 
and access resistance Ra ( representing the i1npedance of the fractured gigaseal , 
which is negligible for a high quality recording). Rp and . Ra are together re-
ferred to as the 'series resistance ' . The flow of current through this resistance 
leads to a proportional drop in potential · such that the measured potential 
Vp is not equal to the desired me1nbrane potential Vm. After compensating 
for the series resistance , the n1e1nbrane potential 1nay be measured across the 
(relatively large) membrane resistance Rm· The effective parallel coupling of 
the n1e1nbrane capacitance Cm with Rseries serves to delay changes in 1ne1n-
brane potential (governed by the 1nen1brane time constant Tm = Rm· Cm) , and 
in1pacts upon the response dyna1nics of the cell to subthreshold stin1ulation. 
In the case of extracellular electrical stimulation, at least one additional stim-
ulating electrode is placed within the extracellular 1nediu1n, often with an 
accon1panying ground electrode. An action potential can result fron1 the acti-
vation of cell body, axon, or any anaton1ical site that features voltage-gated ion 
channels , each with their own sensitivity to electrical stimulation ( e.g. Fried 
et al., 2009). It is likely that the injection of current into excitable tissue leads 
to widespread activation of multiple neuronal populations at varying distances 
fron1 the sti1nulating apparatus (Ranck J r, 1975; J oucla et al. , 2012) . 
The generation of neural activity through extracellular electrical stimulation is 
pri1narily influenced by ( a) the geon1etry of the stimulating electrode, (b) the 
position of the sti1nulating apparatus relative to excitable neuron ele1nents , 
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(c) the arrangen1ent of excitable elen1ents ,;vithin the electric field i and (d) the 
electrical stin1ulus itself (see Ranck Jr 1975 and Durand 2006 for details). In a 
hon1ogenous cell population, the neurons closest to the stin1ulating electrode 
tend to be 111ost easily sti1nulated. Recent work by Joucla et al. (2012) den1011-
strate that the relationship between electrode-to-neuron distance and stin1ulus 
threshold is quadratic for distances of less than 250 µ111 and essentally constant 
for distances larger than 1 111111. The orientation of the axon Vlithin the evoked 
electric field is also of in1portance , as the longitudinal cornponent of the electric 
field is responsible for fibre excitation ( e .g. Basser and Roth, 2000). 
Since the electrical field largely detern1ines the distribution of active ion chan-
nels over the cell n1en1brane , it is clear that the sti1nulus waveform used to 
excite a neuron has a profound effect on neural activation. An anodic cur-
rent, flowing fro1n a stin1ulating monopolar electrode placed in close proxin1ity 
Vlith a neuron fibre , out to a distant return electrode, will locally hyperpo-
larize the 1nen1brane and depolarize neighbouring regions. The sa1ne current 
flo,iVing into the stin1ulating electrode ( cathodic current) generates an identical 
potential distribution of reversed polarity. The distributions associated 'VI ith 
each stin1ulus polarity suggest that less cathodic current. is required to stin1-
ulate a local axon, and this has been validated experin1entally by nun1erous 
studies throughout the literature as reviewed by Durand (2006) and Rattay 
et al. (2012). In later sections, this thesis will investigate how n1anipulation of 
additional wavefonn paran1eters affects the efficacy of a rectangular , biphasic 
electrical sti1nul us. 
Chapter 2 
Prosthetic Vision 
We now turn our attention to electrical sti1nulation of the visual systen1, and 
in particular, the retina. Here, I describe the operation of a 1nicroelectronic 
retinal prosthesis and how it 1nay be used to grant vision to the blind. Several 
key issues are discussed , including the viability of electrically stimulating the 
degenerate retina. The chapter concludes with a brief review of so1ne funda-
1nental principles that underlie the operation of every 1nicroelectronic retinal 
prosthesis. 
2.1 · Overview 
Visual perception involves the translation of light en1itted fro1n the outside 
world into 1neaningful infon11ation about the visual scene. The loss of this 
sense is associated with restricted 1nobility and a consequent loss of indepen-
dence which can have a devastating impact on health and e1notional wellbeing. 
Vision i1npairment represents a significant global health proble1n with n1ore 
than 124 n1illion people experiencing so1ne form of visual loss and a further 37 
1nillion people suffering fro1n blindness in 2002 (Taylor et al., 2006). 
Vision" loss can occur in several different ways. The more co1n1non, readily 
treatable eye conditions involve refractive error, where the lens of the eye does 
not focus light onto the retina in a precise way - cataracts, for instance, dis-
rupt retinal focus by a clouding of the lens. Eye conditions such as macular 
degeneration and retinitis pig1nentosa (RP) are 1nore serious and destroy the 
photoreceptors of the retina that detect light and perforn1 the initial pr9cess-
ing of visual infonnation. Glaucoma refers to a group of diseases that affect 
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the retina and optic nerve; con1pron1ising the retinal ganglion cells and con-
sequently severing t he connection betvleen t he retina and t he central nervous 
S} sten1. 
The function of dan1aged neural systen1s can be partially restored by n1eans 
of a neural prosthesis - a n1edical device used to electrically, che111ically or 
otherwise stin1ulate excitable tissue. A well-known exa111ple is the cochlear 
in1plant vlhich bypasses dan1aged hair cells of the inner ear and sti111ulates 
the auditory nerve inside the cochlea to restore a sense of sound to the deaf 
or hard of hearing. Si111ilarly the visual systen1 left intact by degenerative 
retinal disorders n1ay be stin1ulated to restore visual perception in a patient 
suffering fro111 profound vision loss , granting the patient a sense of prosthetic 
vision. In so111e cases da111aged visual syste111s 111ay be repaired through ther-
apeutic gene transfer , an experin1ental technique in which the defective genes 
responsible for the subject 's vision loss are replaced by insertion of a nonnal 
gene into a nonspecific location ,vithin the genome. A n1odest improven1ent in 
retinal function was observed using this 111ethod to treat three patients suffer-
ing fron1 Leber 's congenital a111aurosis , an inherited retinal disease ( 1aguire 
et al. , 2008) . A si111ilar technique was used by Bi et al. (2006) to restore visual 
responses in 111ice lacking photoreceptors by conferring light sensitivity to sur-
viving inner retinal neurons through the expression of engineered rhodopsin. 
Buch et al. (2008) revie,v the viability of gene therapy for the treat111ent of 
retinal disorders. 
The idea of prosthetic vision has received attention fron1 as early as 1929 when 
Foerster investigated the effects of electrical stimulation on t he occipital lob 
of the hun1an cortex (Brindley and Lewin, 1968). This stin1ulation ca11sed 
his subj ect to perceive a s111all spot of light. Brindley and Le"' in referred to 
this sensation as a phosphene and later confinned the phenon1eno11 in 196 by 
in1planting an electrode array in a blind patient and sti111ulating the occipital 
pole of t he right cerebral he111isphere. 
-isual neuroprosthesi developn1ent is currentl} being pursued b} a nun1ber of 
groups world,,-ide. The question of where to stin1ulate the , isual S} sten1 has 
lead to several different approaches to the problen1 with each characterised 
by t heir 1node of stin1ulation. In addi t ion to , isual cortical stimulation. re-
, I 
search groups have considered retinal: optic nen e and lateral genicuiate nu-
cleu (LG_ 1) stin1llla.tion ( e.g. Hu1na)Tun rt al.: 2003: Brelen et al.: 2005 : Pezari. 
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Figure 2.1. Retinal degeneration in the P23H rat, an animal model of retinitis 
pigmentosa. Panel A shows the retina in the adv a need stages of the disease. 
For comparison , panel B features the healthy rat retina in the same animal be-
fore degeneration onset . Images made by Nicolas Cuenca of the Department of 
Physiology, Genetics and Microbiology at the University of Alicante. 
and Reid, 2006). Vision prostheses that target higher stages of the visual sys-
tein do not need surviving retinal cells to funct ion - they have t he potential 
to help sufferers of a broader range of diseases such as glauco1na and diabetic 
retinopathy. Nonetheless, the brain surgery required for a cortical or LG N 
prosthesis is more invasive and dangerous than t he eye surgery involved with 
a retinal implant . Other groups have focused on chemical 1neans of stin1-
ulation with the idea of eliciting retinal neural activation through localised 
neurotransmitter delivery ( e.g. Mehenti et al. , 2007). 
A retinal neuroprosthesis aims to restore visual perception through electrical 
stimulation of the surviving retina (fig. 2.1) . Santos and coworkers (1997) 
found n1ore than 95% of the outer nuclear layer was lost in cases of severe 
retinitis pig1nentosa when co1npared with control cases . Despite this, 80% 
of the inner retina layer and 30% of ganglion cells were preserved. Similarly 
pron1ising findings were n1ade by Ki1n et al. ( 2002) in their analysis of the 
1nacula in eyes with discifonn age-related 1nacular degeneration - although 
a 70% reduction in ONL cell nnmber was noted, there were no significant 
changes to inner nuclear layer and ganglion layer cell counts. These findings 
suggest that for sufferers of these two eye diseases and their numerous variants, 
the restoration of sight through replace1nent of photoreceptor funct ion is quite 
feasible. 
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Several broad types of retinal prosthesis are currently in developn1ent , with 
each characterised by the site of intervention (fig . 2.2). The epiretinal pro t he-
sis developed by Hun1ayu11 et al. (2003) stin1ulates surviving ganglion cells by 
inj ecting charge through an array of electrodes in1planted at the vitreoretinal 
interface. This device consists of an ext ernal unit that captures an i1nage of 
the visual scene and converts it into a con1n1and sequence and an i1nplanted 
unit which uses this sequence to drive the electrode array. \Vith the exception 
of the electrode array, all of the device electronics are kept off the retinal sur-
face in this configuration. Other epiretinal prototypes ( e.g. Liu et al. , 2000) 
position the electronics within the vitreous cavity - a fluid-filled space which 
acts as a heatsink and allo-,;vs the device to dissipate a significant a1nount of 
power (Piyathaisere et al., 2003; Gosalia et al. , 2004) . The architecture of the 
Hun1ayun prosthesis allows stin1ulus paran1eter adjustn1ents and processing 
unit upgrades to be n1ade by interfacing with the external co1nponents of the 
device, with no need for additional surgery. 
The subretinal prosthesis devised by Zrenner et al. (1999) is based on the 
proposal of replacing photoreceptor function using an array of photodiodes 
in1planted between the outer retina and the retinal pign1ent epitheliu1n. In 
this way the residual INL retinal network can be utilised to process electrical 
signals and elicit visual percepts. The device itself is powered solely by in-
cident light and does not use an external power source. One key advantage 
this approach has over epiretinal in1plantation concerns fixation of the device 
to the retina. Long-tenn electrode attach1nent to the retinal surface has been 
sho-wn to give rise to an assort1nent of co1nplications including retinal detach-
n1ent (\iValter et al , 2005; Gi.iven et al , 2005) , vitreous hae1norrhaging ( 1ajji 
et al. , 1999; Rodrigues, 2003) and cataract developn1ent (Gerding et al. , 2007) . 
Electrodes placed subretinally are supported by t he relatively strong nature 1 
adherence forces existing between the retinal pign1ent epit heliun1 and sensory 
retina and do not usually give rise to such severe surgical proble1ns . These 
electrodes have t he additional advantage of being in close proxi1nity to the 
next surviving neuron type in t he visual processing chain - t he bipolar cell. 
Such placen1ent should 1n inin1ise the incidence of unwanted neural activation 
and allO-\i\ for n1ore precise phosphene generation . In t he case of an epir tinal 
prosthesis: electrical sti1nulation would likel. · acti\ ate not only t he targeted 
neuron population (i. e. retinal ganglion cells) but also t heir axons which lie in 
the nerve fibre layer in direct contact ~ ith the electrode arra .. This assertion 
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Figure 2.2. Schematic showing potential sites of stimulation for a retinal pros-
thesis, indicated by the yellow rectangles . 
was made by Schiefer and Grill (2006) using co1nputational models of the reti-
nal ganglion cell and experimentally validated by Sekirnjak and colleagues with 
their finding that the lowest epiretinal stin1ulation thresholds were observed 
when the sti1nulating electrode was situated at the axon hillock (Sekirnjak 
et al. , 2008). Activation of ganglion cell axons would then potentially result in 
1nulti-site or s1neared visual percepts (\i\Tiln1s and Eckhorn, 2005; Schiefer and 
Grill , 2006). The Zrenner device too comes with its own distinct drawbacks. In 
contrast to the Hu1nayun prosthesis the device electronics are in direct contact 
with the retina , increasing the likelihood of thermal injury to retinal neurons 
and placing further constraints on the output power of the device. The lin1ited 
space available for device electronics represents an additional challenge to be 
faced by hardware designers . It has also been demonstrated that the energy 
generated by a single photodiode is insufficient to elicit retinal activation fro1n 
ambient light (Zrenner et al. , 1999; Besch et al. , 2008) , undern1ining the feasi-
bility of the passive 'photodiode prosthesis ' concept (but see Yang et al. , 2011 ). 
Subretinal prostheses of this type currently in development employ external 
power sources for this reason. 
Research groups are also exploring the possibility of suprachoroidal retinal ac-
tivation whereby an electrode array is placed between the choroid and sclera 
ai1d driven by an external neurostimulator (e .g. Wong et al. , 2009). As the elec-
trodes are not in direct contact with the retina, the suprachoroidal approach 
n1itigates the risks of incurring retinal da1nage by surgical i1nplantation and 
device operation and as such represents an improven1ent over subretinal ar-
ray place1nent. A study by Yan1auchi and coworkers (2005) co1npared the 
two 1nodes of in1plantation in the rabbit and observed histological evidence of 
ONL retinal dan1age following subretinal array placen1ent. No such dan1age 
was found after suprachoroidal i1nplantation. Being situated on the choroidal 
surface 1nay also prove to be beneficial. A reflexive mechanisn1 that increases 
choroidal blood flow in response to light or light-generated heat has been 
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den1onstrated in 111onkeys and hun1ans and helps to 111aintain a stable te111-
perature for the outer retinal layers (Par,,er et al., 19 )3) . \~ it h respect to a 
prosthesis sit uated in the suprachoroidal space this choroidal blood flo,i\ should 
act to dissipate heat and n1inin1ise the incidence of then11al retinal t raun1a . 
Additional benefits include a relatively si111ple surgical procedure, reduced risk 
of choroidal hae111orrhaging and good long-tern1 in1plant stability (Zhon et al. : 
2008) . The distance between the electrode array and the retina however , is 
of particular concern for this type of prosthesis as is the disadvantage of hav-
ing to stin1ulate through the retinal pig111ent epitheliu111 - a high-resistance 
layer of ocular tissue (e .g. Heynen and van Norren , 1985). On top of needing 
111ore current to activate retinal neurons , suprachoroidal electrical stin1ulation 
will likely activate a broader area of the retina con1pared with other n1odes 
of stin1ulation, lin1iting the n1axin1un1 spatial resolution achievable by such a 
prosthesis. 
2.2 Human trials 
Hun1an trials of retinal prostheses have been successful iri eliciting visual per-
cepts . Preli111inary experi111entation by Hurnayun et al. (1996) de111onstrated 
the viability of generating visual input through electrical stin1ulation of the 
retina in five subj ects ,;vith little or no light perception. Electrical stin1ula-
tion was delivered through sn1all , hand-held probes containing one or 111ore 
electrodes which ,;vere inserted through the sclera and placed over the retinal 
surface. Subjects who previously had useful vision observed phosphenes vary-
ing in size (pea, 111atch head , pin , 2.54 111111 by 6 111111) and shape (round , ring , 
lines) rectangle) and were able to accurately localise t he phosphenes according 
to t he retinal area sti111ulated. In 2003 Hun1ayun and co-workers went on to 
develop an epiretinal prosthesis and in1plant t he device in a blind subj ect wit h 
retinit is pign1entosa . A s111all can1era set within t he fra111e of a pair of glasses 
and connected to a belt-,i\ orn visual processing unit con1prised t he external 
port ion of the device. Electrical stin1ulation con1111ands generated by the pro-
cessing logic were trans111itted wirelessly to a 4 x 4 array of platinum disc. of 
520 µ111 dian1eter arranged into a square layout and i1nplanted onto the retinal 
surface. The subj ect obsen ed phosphenes on all 16 electrodes of t~e array 
and could resolve vi ual percepts e, oked b:') a pair of adj acent electrode wit h 
720 µ111 centre-to-centre separation during acute experin1entat ion. Reported 
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phosphene sizes varied fro1n a 'match head ' to a 'quarter1 ' at arn1's length and 
shapes were mostly described as round spots of light. More recent clinical tri-
als of retinal prostheses have den1onstrated that with sufficient training ( and 
given enough time) , blind subjects are able to read large, high-contrast letters , 
recognise everyday objects such as a plate, a square and a cup on a table , and 
perfonn basic mobility tasks (Rizzo III, 2011; Zrenner et al., 2011) . 
Although electrical stin1ulation of the human retina yields visual sensation, the 
underlying physiological response is neither consistent nor well-understood. In 
contrast with the encouraging results reported by Hun1ayun's group in 2003, a 
different epiretinal i1nplant study later that year reported difficulty in reliably 
evoking visual percepts (Rizzo III et al., 2003). Using square grids contain-
ing 100 µm to 400 µ1n dia1neter electrodes three blind volunteers with severe 
retinitis pig1nentosa 1natched evoked percepts with their corresponding stim-
ulating electrodes 48% of the tin1e. Results of two-point discri1nination trials 
between electrode pairs were at best inconclusive. At present, blind patients 
generally do not consider the benefits imparted by modern retinal prostheses 
useful enough to justify the risks associated with surgical i1nplantation, or the 
monetary cost (Rizzo III et al., 2003). 
In addition to perceptual efficacy the an1ount of current needed to elicit a vi-
sual percept, or the perceptual threshold represents another factor that varies 
widely across not only clinical trials but trial subjects. W-hile stimulation 
thresholds in Hun1ayun et al. 's subject varied between 50- 500 µA , two other 
trials reported average stimulation threshold ranges of 24- 702 µA (IV[ahade-
vappa et al., 2005) and 27- 239 µA (de Balthasar et al., 2008) across their 
subjects with considerable inter-subject variation. Each of these studies in-
volved chronic epiretinal i1nplants and used si1nilar electrode diameters (500 
µ1n or 520 µm), centre-to-centre separation (720 µm or 800 µm) , phase dura-
tions (1 111s) and sti1nulation paradigms. 
2.3 Stimulating the healthy retina 
A successful retinal prosthesis will use electrical sti1nulation to replicate light-
evoked cellular activity. Given that there are 1nultiple types of both bipolar 
and retinal ganglion cells (Dacey has identified 17 different types of retinal 
ganglion cell (RGC) in the 1nacaque retina (2004) and Chan et al. (2001) have 
1 A US quarter has a diameter of around 24 mm. 
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found 10 types of bipolar cell in the n1arn1oset) with each class exhibiting 
its own characteristic spatioten1poral pattern of activity (Roska and Werblin, 
2001), this is an enorn1ously co1nplex task. Light-evoked retinal acti, ity is 
characterised by fast spiking frequencies - certain classes of RGC can reach 
spiking rates of 1nore than 260 Hz (O :Brien et al. , 2002). High-resolution 
vision further requires a high degree of spatial specificity which is con1plicated 
by the substantial overlap of ganglion cell dendritic fields in the retina (\i\ assle , 
2004) as well as the extren1ely large nun1ber of retinal cells excited by electrode 
sti1nulation - ganglion cell densities can reach 32 ,000- 38,000 cells/mn12 in 
the hun1an retina ( Curcio and Allen, 1990). It follows that indiscri1ninate 
electrical stin1ulation would recruit 1nultiple neuron populations and result in 
a physiological response bearing little resen1blance to that of natural vision. 
The physiological response of the retinal network to electrical stin1ulation has 
been investigated in a nu1nber of studies. J ensen et al. (2005a) established 
that the response of rabbit RGCs to epiretinal electrical sti1nulation consists 
of short- and long-latency co1nponents. Short-latency activity recorded from 
RGC axons was characterised by a single, tin1e-locked action potential recorded 
less than 5 ins after sti1nulation onset and was attributed to direct RGC ac-
tivation. In contrast, long-latency responses appeared between 8 and 60 n1s 
after the sti1nulating pulse and ,v-ere abolished by chen1ically blocking ganglion 
cell input, suggesting that retinal interneurons presynaptic to the RGCs were 
responsible for this indirect activation. Other groups ( e.g. Sekirnjak et al. , 
2006) have observed this type of response but differ in how they classify the 
two co1nponents , ·with short spike latency classified as less than 2 111s and later 
responses labelled as long-latency in this stud). These te1nporally distinct 
responses to retinal stin1ulation have likewise appeared in evoked potential 
recordings fro1n the visual cortex ( Chen et al, 2006) . 
It has been den1onstrated that direct retinal ganglion cell acti, ation can repli-
cate t he te1nporal properties of light-evoked responses . Fried et al. (2006) 
established t hat direct RGC acti, ation typicall) resulted in a single action 
potential and could reliably be used to generate spiking rates of up to 250 Hz. 
Direct activation of RGCs has been found to support high-frequency electri-
cal stin1ulation in both epiretinal (Sekirnjak et al., 2006) and subretinal (Tsai 
et al., 2009) studies. In contrast , -ith these studies i that of J en$ n and 
Rizzo III (2007) Vi hich investigates the effect of repetiti, e electrical stin1ula-
tion of the retinal neural netv. ork. The strength of the response to indirect 
RGC stin1ulation wa. found to be highl d pendent on the pulse inten al. 
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As well as observing lower response strength for shorter pulse intervals , re-
sponse amplitudes beca1ne progressively lower with each consecutive pulse of 
the stimulating pulse train. Even for a relatively low stimulation frequency 
of 15 Hz, the response strength for the second pulse was reduced by 42% in 
co1nparison to the first pulse, with this reduction increasing to 59% by the 
tenth pulse. This desensitization has been observed in other ani1nal studies 
featuring electrical sti1nulation of the retinal network (Ahuja et al., 2008; Tsai 
et al., 2009) and is likely related to the rapid fading of phosphenes evoked by 
periodic stimulation during clinical trials (Zrenner et al., 2011; Wilke et al., 
2011). 
There is, however, some evidence to suggest that while direct activation facil-
itates temporal control of retinal spiking, indirect activation is 1nore spatially 
localized. Elfar et al. (2009) found that the centre of gravity for retinal activity 
induced by indirect activation followed the location of the electrical stimulus, 
while centres ofdirect retinal activation were shifted towards the area centralis. 
It is thought that the short latency retinal response to electrical sti1nulation 
originates fron1 the incidental activation of ganglion cell axons underneath the 
sti1nulating electrode (Jensen et al., 2005b; Elfa:r et al., 2009). Accordingly, 
cortical activity arising fro1n indirect RGC sti1nulation may offer better spatial 
resolution largely because the targeted bipolar cells do not have lateral axons. 
It 1nay be possible, however, to avoid axonal activation by using a particular 
electrical waveform, as suggested by Freen1an et al. (2010). The authors found 
that while sinusoidal stin1ulation using frequencies of 10 Hz and 25 Hz could 
be used to evoke a robust RGC response when sti1nuli were delivered near the 
so1na, spiking could not be elicited with even the strongest stimuli when the 
sti1nulating electrode was positioned over the distal axon, roughly 1 1nm fron1 
the so1na. 
In1prove1nents to spatial selectivity have been afforded by the developn1ent of 
electrodes with increasingly s1nall dian1eters (but see Behrend et al. 2012). 
Stett et al. (2000) used 10 µm dian1eter electrodes in their study of the iso-
lated chicken retina and found that evoked activity resulting fro1n subretinal 
charge injection was localised to an area within 100- 200 µ1n of the electrode. 
Jensen et al. (2003) put 2 µn1 dia1neter electrodes to use in an in vitro study 
of the rabbit retina ain1ed at detennining extracellular RGC sti1nulus thresh-
olds , concluding that in addition to lower thresholds and 1nore localised acti-
vation, cathodic stimulation allowed for better cell body selectivity over axons 
in co1nparison with anodic stin1ulation. A later study of the 1nacaque retina 
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shov,red that parasol ganglion cells could be stin1ulated with enough spatial 
specificity such that single cell stin1ulation produced negligible activation of 
neighbouring cells (Sekirnjak et al. ; 2008) . P arasol ganglion cells are thought 
to be responsible for conveying achromatic spatial vision ( e.g. Dacey, 2004) 
and have dendritic trees that cover areas roughly 100 µ111 wide on the retina 
(Dacey; 1993) . The electrode arrays used in these in vitro studies are ren1ark-
able in that such electrode diameters (5- 15 µrn) and spacings (25- 100 µ1n) are 
an order of 111agnitude sn1aller than those encountered in the n1ajority of in 
vivo studies. 
At this stage it is unclear ,vhether electrical sti1nulation can be 1nade to se-
lectively activate particular cell types of a broader class. As n1entioned pre-
viously, ganglion cells favour brief pulse durations while inner retinal neurons 
are targeted by longer pulse durations (JVIargalit and Thoreson, 2006). Free-
n1an et al. (2010) have shown that certain retinal types respond preferentially 
to specific frequencies of sinusoidal stin1ulation. RGCs were best activated by 
high frequency (100 Hz) sti1nulation, with lower frequencies (25 Hz) targeting 
bipolar cells and photoreceptors preferentially sti1nulated at 5 Hz. This seems 
to agree conceptually with the result of l\1argalit 's group , as a given cycle of 
a sinusoid rese1nbles a biphasic pulse. One finding fro1n the study of J ens :\n 
and Rizzo III (2006) suggests that ON RGCs ( those which are stimulated by 
light , as distinct fro1n those sti1nulated by an absence of light) favour cathodic 
current pulses . 
The indiscri1ninate activation of 111ultiple retinal pathways by 1neans of elec-
trical sti1nuli represents a profound issue that ,,._rill hinder the generation of 
111eaningful prosthetic vision. A stin1ulation strategy that is able to selectively 
activate O J and OFF pathways , for exan1ple; 1nay well allow for the sn1ooth 
perception of fund an1ental spatial patterns - a great boon to any unsighted 
patient. Selective activation of neural populations ren1ains a key challenge to 
be addressed by any vision prosthesis that endeavors to restore nonnal vision 
to the blind. 
2.4 Stimulating the degenerate retina 
Th re are concerns about the viability of evoking visual percept ion fro1n elec-
t rical sti111ulation of the degenerate retina. The brain exhibits neuroplasticity 
- t he ability to reorganise and adapt neural circuitry to co1npensate for injur) 
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or disease. In the case of blind individuals , parts of the visual cortex activate 
in response to auditory and tactile stimulation so as to enhance the process-
ing of associated sensory information (Theoret et al., 2004). Such abnorn1al 
operation of the visual cortex may hav_e a detrimental effect on the ability to 
perecive phosphenes. Gothe and colleagues (2002) demonstrated this possibil-
ity in their use of transcranial 1nagnetic sti1nulation to evoke phosphenes in 
blind subjects through stin1ulation of the occipital lobe. Results of their study 
found that only two of the ten subjects with no residual vision (both with pre-
vious visual experience) reported phosphenes. The retina itself also undergoes 
extensive neural reorganisation during the progression of a degenerative dis-
order such as retinitis pig1nentosa (RP) ( see 1\1:arc et al., 2003). The structure 
and function of the RP-afflicted retina may therefore be substantially different 
co1npared with that of the healthy retina, as may be the effect of electrical 
stimulation. 
Retinal degeneration co1nmonly begins when rods lose the ability to regenerate 
their outer segments. As the rods deteriorate, their neurites sprout and enter 
the inner layer. The loss of rod outer seg1nents collapses the subretinal space 
as cones begin to follow the path taken by the rods through the deterioration 
of cone outer seg1nents. A dense layer of Muller cell processes (the beginnings 
of what is tenned the 'glial seal') has formed over a substantial area of the 
retina by this stage, separating the RPE fro1n the distal 1nargin of the neu-
-
ral retina. At this point, the rate of rod death has significantly increased, a 
certain proportion of bipolar cells has died and the reorganisation of neural 
circuitry has begun. Rod and cone bipolar cells retract their dendrites while 
cone-synapsing horizontal cell bodies expand and extend neurites into the in-
ner plexifonn layer. After the complete loss of photoreceptors , the glial seal 
beco1nes co1npacted and Muller cell hypertrophy results in the forn1ation of 
cGlun1nar str.uctures which segment the retina. Neurons of the inner plexi-
form layer produce dendrites whose foci forn1 in the residual outer plexiform 
layer. Neuronal cell death is now indiscrin1inate. A number of physiological 
processes take place alongside neuronal death during the advanced stages of 
neural remodelling including cell migration, 1nicroneuroma ( co1nplex tangles 
of processes fro1n 1nultiple cell types) fonnation and excessive neurite growth, 
with horizontal and an1acrine 1?-eurites fanning abnormal connections within 
the neural network (Fariss et al., 2000). These physiological events n1ay have 
different tin1ings depending on the type of disease. 
How do the rewired visual pathways function in the degenerate retina? Since 
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they are no longer driven by the sensory retina, it has been suggested t hat 
surviving cells extend t heir neurites to derive input fro1n residual visual path-
\i\rays (:~Ia.re et al. , 2003). The fon11ation of microneuro1nas den1onstrate t hat 
retinal neurons are not progran1n1ed to restore their original circuitry - t he 
degenerate retina hosts n1any different abnorn1al synaptic structures which 
disrupt visual processing and introduce sporadic oscillatory circuit behaviour. 
S0n1e evidence for this steins fron1 t he intern1ittent percept ion of fl ashes of 
light known as photopsias con1n1only observed by RP patients. Photopsias 
are t hought to originate in the retina because not only do they eventually 
disappear (suggestive of ganglion cell death) , they have also been te1nporarily 
induced through electrical stin1ulation of the retina in an RP patient who re-
ported last experiencing the percepts around 40 years earlier when her vision 
was beginning to deteriorate (}/[arc et al. , 2003; Delbeke et al. , 2001) . The 
significant difference in retinal structure and function suggests that the evoca-
tion of n1eaningful visual perception fron1 electrical sti1nulation will be 1nore 
difficult in the degenerate retina than in the healthy retina and will surely 
pose further hindrance to vision restoration strategies. 
2.4.1 Degenerate models 
Anin1als \i\rith degenerative retinal diseases pathologically equivalent to t hose 
found in hu1nans provide an alternative 1neans of investigating hun1an retinopa-
t hy and potential treatn1ent. The inception of successful retinal prosthetic 
sti1nulation strategies to restore high resolution vision to RP patients will likely 
follovv a 1nuch in1proved understanding of a) the residual functional capacity 
of t he RP-afflicted retina and i1nportantly, b) how electrical stimulation n1od-
ulates the output of this retina. Degenerate ani1nal n1odels allow researchers 
to n1ake inforn1ed assun1ptions about in1plant efficacy in t he hu1nan and o are 
valuable subj ects in retinal prosthesis studies (Suzuki et al. , 2004; o :Hearn 
et al. . 2006; ,Yeitz et al. , 2011; Cho et al. , 2011 , 2012) . 
One of the earliest anin1al n1odels studied is t he rd mouse. Originall di -
covered in 1923 by l{ eeler and soon after forgotten unt il its rediscovery some 
t hirty years later by Briickner and coworkers (Hafezi et al. , 2000) , t he rd n1ouse 
suffers fron1 a genetic n1utation resulting in the rapid degeneration of the outer 
retina after the first postnatal week of life. I\1ost of the photoreceptor popu-
lation is elin1inated by the first n1onth. This n1utation has been observ d in 
hun1an sufferers of the autoson1al recessive fon11 of RP (Takahashi et a l. , 1999) 
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which accounts for around 20% of RP patients (Daiger et al., 2007) . Auto-
so1nal dominant RP is another major RP type with 30% prevalence a1nong 
sufferers and it too has an associated degenerate 1nodel: the Abyssinian cat. 
These and other hereditary 1nodels vary in anin1al , genetic mutation and tin1e 
course of degeneration - while photoreceptor loss can be observed within days 
in the rd 1nouse, similar observations in the Abyssinian cat will not be made 
for n1onths (Hafezi et al. , 2000) . 
The identification of genetic sequences or 'genotypes' which give rise to re-
tinitis pig1nentosa has clearly demonstrated that it is not a single disease but 
a group of diseases characterised by varying point n1utations within the hu-
man genome. Not long after Dryja and colleagues (1990) discovered the n1ost 
prevalent genotype for autosomal don1inant RP, efforts ain1ed at transgeni-
cally engineering an anin1al model of the disease led to the creation of the 
P23H rat (Olsson et al., 1992) . A transgenic model can be 1nade to express 
any genotype of retinitis pig1nentosa through insertion of the corresponding 
mutant gene into the animal's genome. 
Retinal degeneration generally follows a pathol9gical sequence consisting of 
photoreceptor loss followed by various re1nodelling events, as has been dis-
cussed. Are these secondary events caused solely by photoreceptor degener-
ation or are they influenced by developn1ental defects? Nagar et al. (2009) 
have addressed this question through the use of a nongeneti-c anin1al n1odel 
of degeneration in which selective photoreceptor loss was induced in an adult 
n1ouse with an injection of N-n1ethyl-N-nitro-sourea (MNU). The study found 
that retinal re1nodelling took place in much the sa1ne way as in genetic animal 
models , suggesting that the re1nodelling is independent of the cause of pho-
toreceptor degeneration. This finding is particularly encouraging for retinal 
prosthesis research , as nongenetic 1nodels are generally cost-effective and allow 
for control over the onset and severity of degeneration. Other 1nethods of in-
ducing retinal degeneration involve exposure to bright light, a taurine-deficient 
diet and retinal hypoxia ( e.g. Krebs et al., 2009; Hayes et al., 1975; Maslin1 
et al., 1997) . 
As a result of its profound anato1nical transforn1ation, the late-stage degen- , 
erate retina exhibits 1narkedly . different functional properties to its healthy 
counterpart. Pu et al. (2006) investigated single-unit RGC responses in the 
RCS rat and found significant decreases in receptive field size, and reductions 
in sensitivity to luminance and contrast. The study also suggested that the 
O 0 
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degenerative process has a differential effect on the ON and OFF pathways; 
with the likelihood of recording fron1 an O cell drastically falling after P36-
37. While the dendritic n1orphology and structure of the RGC population 
appear to be substantially preserved (l\Iazzoni et al. , 2008)) the degenerate 
RGC is known to possess greater spontaneous activity (Pu et al. 2006 · Stasheff 
2008; l\Iargolis et al. 2008; l\ 1largolis and Det~ iler 2011; but also see Sekirnjak 
et al. 2008), as well as characteristic 'waves' of spiking (_ 1argolis et al., 200 ; 
Stasheff, 2008). These aberrant behaviours arise not only fron1 pathological 
circuitry that fonns during the re1nodelling phase of degeneration ( 1argoli.._ 
and Detvviler, 2011; Jones et al., 2012), but also through changes in intrinsic 
cellular properties (Sekirnjak et al., 2011) . It is plausible then, that the ability 
of a retinal prosthesis to electrically induce neuronal inhibition 1nay be just 
as i1nportant as the ability to induce excitation, particularly when considering 
the elevated spontaneous activity present in the degenerate retina. 
It has been established that cortical activation in response to electrical sti1n-
ulation of the diseased retina is indeed possible. Kanda and coworkers (2004) 
n1anaged to elicit evoked potentials in the visually deprived RCS rat 111odel 
through suprachoroidal retinal stimulation. The stin1ulation thresholds in the 
degenerate retina were found to be higher (µ: 12.9 nC versus 7.2 nC) and 
1nore variable ( a: 7. 7 nC c.f. 2.8 nC) than those of the healthy retina. Visual 
stimuli failed to elicit any response in the RCS retina. Another study found 
that cortical responses could be evoked fron1 epiretinal sti1nulation of the de-
generate retina in t hree different biological 1nodels: the n1ouse, canine and 
hun1an , ,,rith the canine response exhibiting sin1ilar latency to that of the hu-
111an ( Chen et al., 2006). Further work by Sekirnj ak et al. ( 2009) investigated 
the response of individual ganglion cells to electrical sti1nulation in the P23H 
retina in vitro. The study found that despite severe photoreceptor degenera-
t ion and a con1plete absence of an) light response ) the responses of ganglion 
cells to electrical stin1ulation in the degenerate retina were si1nilar to those of 
t he norn1al rat retina. 
The oven, heln1ing () et unsurprising) finding a1nong research groups i that 
the degenerate retina is 111ore difficult to electrically activate than the h a.1th. 
retina in vivo . ot only does the diseased retina require 1nore charge to acti-
vate (Kanda et al. : 2004: Siu and I'\lorley) 200 ) ) functional threshold~ appear 
to increase as the degeneration progresses ( uzuki et al. 2004 · Chan et al.) 
200 '): Siu and :\Iorley . 200 ) . As Fried et al. (2006) suggest , the precise spa-
tioten1poral patterns of ganglion cell acti, it) resulting from , isual sti1nuli are 
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Figure 2.3. Basic electrochemical system using a current source to pass current 
between two electrodes to stimulate excitable tissue . 
likely not being replicated by the electrical stimulation in anin1al studies to 
date. 
2.5 Underlying principles 
Each type of microelectronic retinal prosthesis operates by injecting charge 
into excitable tissue to elicit cellular activation. An electrode array placed on 
the retinal surface forms an electrochemical syste1n in which the physiolog-
ical 1nedium serves as an electrolyte. At least two electrodes are needed to 
co1nplete the circuit and permit stimulation: one to allow current to flow into 
the electrolyte and another to provide the current 's return path. One 1nethod 
for controlling charge injection at the electrode-electrolyte interface is to use a 
current source to pass a user-specified current through the electrolyte as shown 
in figure 2.3. Since ions are responsible for carrying charge within the elec-
trolyte and neuron activation is regulated by extracellular ion n1ovement , the 
modulation of electrical sti1nulation by current flow adjustn1ent is particularly 
effective. This method affords direct control over the net charge delivered to 
the tissue which proves to be useful in ensuring a safe stimulation paradig1n, 
as will be discussed. 
Safety is an essential aspect of any 1nedical system. Retinal prosthesis us-
age can potentially give rise to da1nage which 111ay be electrical , chemical , or 
1nech:;1nical in nature. An ever-present source of chemical damage is the stin1-
ulation 1nechanism itself. A current waveform with non-zero DC co1nponent 
leads to a net charge transfer into the electrolyte and results in the increased 
production of chen1ical species that 1nay be hannful to the retina or electrode 
(Roach, 2003; Merrill et al. , 2005). The com1non use of a biphasic waveform 
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seeks to n1i tigate the production of such species with the second phase acting 
to reverse the offending electrochen1ical reactions that take place during the 
stin1ulating phase. The use of short phase periods on t he order of n1icroseconds 
is also co1n1non as longer current pulses tend to result in electrode degradation 
(Rose and Robblee, 1990) . Chen1ical and physiological da1nage can result if 
the electrode n1aterial is not biocon1patible, in which case a toxic , necrotic or 
otheni\rise averse response is induced fro1n surrounding t issue. Other sources 
of t issue damage may include the intrinsic biological processes that arise fron1 
overstin1ulation . Oxygen and glucose depletion, changes in ionic concentra-
tions of extracellular potassiu1n, and excessive release of neurotransn1itters in 
the central nervous systen1 have all been proposed as 1nechanis1ns for excito-
toxici ty (J\!Ierrill et al. , 2005) . 
A fundan1ental consideration for a retinal prosthesis is the selection of fab-
rication n1aterials , particularly for the stin1ulating electrodes t hat con1e into 
contact with excitable tissue. In addit ion to exhibiting bioco1npatibility, they 
1nust be capable of delivering enough charge to evoke a suitable biological re-
sponse, ·while operating within safe stimulation lin1its . The electrodes 1nust 
also retain electrochen1ical stability for the specified lifeti1ne of t he in1plant , 
"\"vhich can potentially span for decades . Cogan (2008) review several different 
1naterials encountered in previous electrophysiological studies , together with 
their relative advantages and disadvantages . 
Electrical stin1ulation has been associated wit h retinal da1nage in a nun1ber 
of in vivo anin1al studies . Butterwick et al. (2007) have investigated the de-
pendence of da1nage thresholds on electrode size , pulse duration and nun1ber 
of pulses for a charge-balanced biphasic wavefon11 in the chicken retina . They 
found da1nage thresholds decreased with the nu1nber of pulses and observed 
t he t hreshold current density to be independent of electrode surface area for 
dian1eters greater than 300 µ111, scaling by 1 / d2 for dia1neters s1naller t han 
200µ111 (figure 2.4). The relationship between threshold current density J and 
pulse width t was deduced roughly as J ex t- 0-5 . This scaling suggests t hat 
charge per phase and charge density are not t he onl} factors t hat determine 
the t issue da1nage threshold. Another study investigated the pathology of elec-
trically induced retinal da1nage in t he rat ( Colodetti et al. 1 2007) . In one group 
of ani1nals: a single electrode ,i\ as inserted into t he vitreous cavity of. the eye 
and 1Tiade to contact the retinal surface. A second group also had t he electrode 
in1plant but no contact was made with the retina . It , as found that , although 
the 1nechanical pr essure exerted by the electrode was da1naging to the retina 
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Figure 2.4. Mod ulation of retinal damage thresholds with pu lse duration (left) 
and electrode diameter (right). Modified from Butterwick et al. (2007). 
regardless of whether electrical stin1ulation was being delivered , the da1nage 
was greatest when retinal contact and electrical sti1nulation were coupled. The 
induction of tissue damage through excessive electrical stin1ulation is a possi-
bility deserving of consideration in any vision prosthesis study, particularly in 
the case of retinal prostheses that intervene at the retinal surface. 
2.6 Summary 
While significant advances in the scientific body ofknowledge have progressed 
the field of prosthetic vision well beyond the rudin1entary stages fathered by 
Brindley and Lewin in the late 1960s, the electrophysiological mechanisms gov-
erning the operation of retinal prostheses re1nain poorly understood. There 
are n1any technical challenges facing the development of high quality pros-
thetic vision, but the issue of selective neural activation by 1neans of electrical 
stimulation is perhaps the n1ost salient. I seek to address this issue in later 
c~apters. 

Chapter 3 
Thesis Overview 
Broadly, this thesis is concerned with the electrical activation of retinal gan-
glion cells with a view towards prosthetic vision. In the first chapter, the 1nerits 
of studying rat A2 ganglion cell electrophysiology were established. Chapter 2 
introduced the concept of prosthetic vision and examined son1e key issues as-
sociated with the idea of electrically stimulating the degenerate retina to elicit 
vision, including the requirement to elicit excitation in select cell populations. 
In the next chapter, I demonstrate the viability of using a stin1ulating electrode 
fabricated with nitrogen-doped ultra-nanocrystalline dia1nond (N-UNCD) to 
elicit neural activity in RGCs. This sti1nulating electrode is t!1en recruited in 
Chapter 5 to detern1ine the biphasic, rectangular electrical wavefonn param-
eters 1nost effective in activating RGCs. Chapter 6 investigates the extent to 
which intracellular sinusoidal electrical stimulation can selectively stimulate 
ON and OFF RGC populations. The final chapter sum1narises the results of 
this thesis and suggests potential future directions. 
My research sought to address the follosving questions: 
1. For a rectangular, biphasic wavefonn, what are the n1ost effective wave-
fonn paran1eters for electrical activation of retinal ganglion cells? 
2. Can high frequency electrical stin1ulation selectively stin1ulate certain 
cell populations over others? 
3. Is N-UNCD an electrochemically viable material for use in an electrode 
array for a retinal prosthesis? 
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Chapter 4 
Stimulating with N-UNCD 
This work has been published previously: Hadjinicolaou, A. E., Leung, R. T., 
Garrett , D. J. , Ganesan, K., Fox, K., Nayagam, D. A. X., Shivdasani, ]'vl. N., 
Meffin, H. , Ibbotson, M. R., Prawer, S. and O 'Brien, B. J. (2012). Electrical 
sti1nulation of retinal ganglion cells with dian1ond and the development of an 
all dian1ond retinal prosthesis. Biomaterials 33(24): 5812- 5820. 
Electronic retinal i1nplants for the blind are already a 1narket reality. A world-
wide effort is underway to find the technology that offers the best co1nbination 
of perfonnance and safety for potential patients. Our approach is to construct 
an epiretinally targeted device entirely encapsulated in dian1ond to 1naximize 
longevity and biocompatibility. The stin1ulating array of our device com-
prises a n1onolith of electrically insulating diamond with thousands of her-
1netic, 1nicroscale nitrogen-doped ultra-nanocrystalline dia1nond (N-UNCD) 
feedthroughs. Here we seek to establish whether the conducting dian1ond 
feedthroughs of the array can be used as stimulating electrodes without fur-
ther 1nodification with a more traditional neural sti1nulation material. Effica-
cious sti1nulation of retinal ganglion cells was established using single N-UNCD 
1nicroelectrodes in contact with perfused, explanted, rat retina. Evoked rat 
retinal ganglion cell action potentials were recorded by patch cla1np record-
ing fron1 single ganglion cells, adjacent to the N-UNCD sti1nulating electrode. 
Sepatately, excellent electrochemical stability of N-UNCD was established by 
prolonged pulsing in phosphate buffered saline at increasing charge density up 
to the n1easured charge inj ection li1nit for the n1aterial. 
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4.1 Introduction 
The en1ergence of electronic retinal in1plants has the potential to significantl. 
i1nprove the lives of people suffering fron1 several diseases that cause blindness 
(DoYvling, 2005; "\i\Teiland et al., 2011; I{lauke et al. , 2011). The 1najority of 
existing i1nplants consist of an array of electrodes that are surgically i1nplanted 
into a position on or near the dan1aged retina. Data fron1 the visual field 
is n1apped onto the electrode array and the retina is electrically sti1nulated 
accordingly. Currently, three in1plantation locations for the electrode array 
do1ninate , na1nely; epiretinal ( on the inner retina) (Klauke et al., 2011; Yanai 
et al. , 2007), subretinal (between the retina and the choroid) (Zrenner et al., 
2011; Yang et al., 2011; Kelly et al., 2011) or suprachoroidal (between the 
choroid and the sclera) (Shivdasani et al., 2010). A representation of the 
visual field is typically captured either by a can1era worn by the user or by 
a photodiode array on the retinal device itself. Visual data fro1n a ca1nera 
can be sent to the retinal in1plant via either a wired or wireless link (fig. 4.1). 
Photodiode arrays on a retinal implants have the advantage that the diodes can 
be directly 1napped to stin1ulating electrodes such that the image transduction 
and stin1ulating array 1nove with the eye. The disadvantage of photodiode 
arrays is that they are electronically relatively si1nple giving the user limited 
control of stin1ulation paran1eters or in1age n1anipulation (Zrenner et al., 2011). 
Alternatively, data fed fro1n a camera source can be relayed to a stimulating 
array in n1any different ways potentially 1naking the device useful under a 
wider variety of conditions and better able to adapt to varying user needs and 
developn1ents in infonnation technology. The current generation of i1nplants 
have sufficient resolution to aid the user with basic navigation (Yanai et, al. , 
2007) and in son1e instances reading of large high contrast print (Zrenner 
et al.) 2011) . An ain1 for future devices is to achieve higher resolution and 
consequently a n1ore useful and naturalistic visual experience for patients. 
I\laterials selection for fabrication of electronic i1nplants is of critical in1por-
tance) in particular for components exposed to the body. To protect the de-
vice :s electronics fro1n the body) the device n1ust exhibit excellent hern1eticity. 
To protect the user fron1 the device , it n1ust additionally exhibit biocon1pati-
bility and biochen1ical stability. All 111aterials 1nust be resistant to sterilization 
procedures . n1echanically robust ) and sufficiently bioche1nically inert to oper-
ate continuousl} : potentially for decades . Dian1ond is a 1naterial that posse ses 
all of these propertie . 
,· 
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Figure 4.1. Illustration depicting image capture of a visual scene by a camera 
mounted on a pair of glasses. The visual data is relayed via a wireless link to 
an implanted retina I device that electron ica I ly sti mu I ates the retina with a specia I 
pattern derived from the image. The stimulation pattern on the retina is relayed to 
the brain via the optic nerve providing the visual system with sufficient information 
to generate visua I perception. 
Figure 4.2. (a) Medical illustration of the form for the BVA epiretinal device, 
tacked in position over the macu la. ( b) Micrograph of the extern a I face of a di-
amond feedthrough array. The black squares are conducting N-UNCD and the 
lighter lines are exposed PCD through which light is transmitted. Some ligt 
through the array is blocked by evaporated wires on the reverse side . ( c) In-
terior face of the feedthrough array with evaporated metal wires contacting some 
feedth roughs. 
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The chen1ical and n1echanical stability of dian1ond is well known. The devic 
being developed as part of the Bionic \ !ision Australia (B\7 A) initiative is an 
epiretinal design that will interface with a head-rnounted can1era. The stin1-
ula.ting array and electronics capsule of this device will be fabricated entirely 
fro111 dian1ond. The forn1 of the current generation of the Bionic Vision Aus-
tralia (BVA) epiretinal device , as shown in figure 4.2 , incorporates a dian1ond 
capsule which houses the stin1ulator electronics and feedthrough array soft 
silicone wings , retinal tack attachrnents as ,;vell as a data and power lead . The 
device Vlill utilize electrically insulating polycrystalline dia1nond and electri-
cally conducting N-UNCD , both of which have been shov.rn to exhibit excellent 
biocon1patibility (Tang et al., 1995; Aspenberg et al. , 1996) . The li1nited use of 
dian1ond in electronic devices can be attributed to the fact that dian1ond is dif-
ficult to shape and 1nanipulate due to its extren1e hardness and lack of ductility. 
"\1'/e have developed a suite of techniques for 1nanipulating dian1ond structures 
including fabrication of capsules, n1icroneedles (Ganesan et al. , 2010) and high 
nun1bers of conducting dia1nond feedthroughs in 1nonolithic polycrystalline di-
a1nond fihns . A 1nicrograph of our dian1ond electrode interface array is shown 
in fig. 4.2 (b) and ( c) . The array is constructed fron1 a flat sheet of electrically 
insulating polycrystalline dia1nond through ,;vhich feedthrough holes are cut. 
The feedthroughs are backfilled with conducting N-UNCD. 
Of critical in1portance to the long tenn efficacy of an electronic retinal pros-
thesis is the electrochen1ical perforn1ance of the electrodes that are physically 
in contact with the retina. The electrodes n1ust be able to deliver enough 
charge to evoke action potentials fron1 ganglion cells while ren1aining within 
safe , oltage limits ( Cogan 2008) . In electrochen1ical tenns this translates 
to a high electrode capacitance. We have previously shown that N-UNCD 
can be coated with platinun1 or electrochen1ically forn1ed iridiu1n oxide to i1 -
crease charge inj ection (Garrett et al., 2011). Though coating of the N-UNCD 
feedthroughs with a high charge injection material is an option, it is one that 
con1es with associated risks (e.g. dela1nination) (Cogan et al. , 2004) . It is ad-
vantageous both in tern1s of risk n1itigation and fabrication sin1plicity if the 
N-UNCD feedthroughs can be used as the stin1ulating electrodes. We hav 
previou ly established that by tailoring growth conditions and electrochen1i-
cal activation the charge inj ection capacity ( Qc) of N-UN CD can be increased 
to , alues \\·here neural sti1nulation becon1es feasible ( Ga.Trett et al. ·, 2011) . 
Here ,x. e de1nonstrate that N-UN CD can effectively stimulate retinal ganglion 
cells (RGCs) ,vhile ren1aining within electrochen1ical lin1its . We al o show 
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that N-UNCD exhibits very stable electrochemistry over extended use even 
when operating at the predefined electrochemical li1nits. Efficacious sti1nula-
tion of RGCs is demonstrated by direct stimulation of RGCs in explanted rat 
retina. Responses fro1n individual RGCs were recorded using the patch cla1np 
recording technique. The collated threshold charge values required to affect a 
ganglion response are co1npared to the charge injection value established for 
the N-UNCD electrodes showing that efficacious sti1nulation was achieved well 
within the predefined electrochemical limits. 
4.2 Materials and methods 
4.2.1 N-UNCD electrode fabrication and characterisation 
Fifty 1nicrometre (µn1) thick films of N'...UNCD were grown in an Iplas n11-
crowave plasma assisted che1nical vapour deposition ( CVD) system. Sam-
ples were grown with a gas 1nixture of 20:79:1 N2:Ar:CH4 under conditions 
that have been described in detail elsewhere (Garrett et al., 2011) . Single 
200 x 200 µn1 square N-UN CD . electrodes were prepared for retinal electro-
physiology experi1nents (fig. 4.3 (a)). A 0.5 1n1n wide strip of N-UNCD was 
brazed to 100 µm thick tantalum foil in a high vacuum thermal annealer using 
a co1n1nercial dia1nond brazing alloy. Individual electrodes were cut fron1 the 
brazed diamond/tantalu1n using a laser cutter (Oxford Lasers). The size of the 
electrode was reduced to 200 x 200 µm by laser milling of the excess diamond. 
The 1netal shaft was insulated by placing a bead of silicone rubber on the 
electrode face under a microscope and then hand painting the tantalum shaft 
and electrode sides with epoxy resin. Finally the silicone rubber bead was 
ren1oved to reveal only the face of the N-UNCD electrode and a final layer 
of silicone was applied to the shaft and the sides of the N-UNCD electrode. 
Electrical connection to the stimulator was made through the tantalu1n shaft. 
Electrode arrays for electroche1nical stability studies were four 600 µm diam-
eter round discs of N-UNCD, synthesized under the sa1ne growth conditions 
(fig. 4.3b). The N-UNCD was cut by laser and glued to pads on a custo1n 
designed flexible printed circuit board. (Flexible Circuits, USA) using conduc-
tive epoxy (Circuitworks, Chen1tronics , USA). The electrodes were isolated by 
painting insulating epoxy resin around .the electrodes and over the flex circuit 
under a n1icroscope. 
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Figure 4.3. (a) SEM image of a 200 x 200 µm square N-UNCD electrode that has 
been used as a sti mu la ting electrode on excised rat retina . Inset is a micrograph 
of the electrode before insulation with epoxy and silicone . (b) An SEM image of a 
600 µm diameter N-UNCD disc electrode used to assess electrochemical stability. 
Inset is a micrograph of four such electrodes attached to a flexible circuit board 
and isolated with epoxy resin . 
Both types of electrodes were electrochemically activated by three cyclic volta1n-
1nogra1ns (CVs) fro1n 200 n1V to 2.5 V versus Ag/ AgCl at a scan rate of 100 
n1V s- 1 in pH 7.4 50 1nM phosphat e buffer v.rith 0.13 I\,1 NaCl (PBS) , according 
to our previously established protocol (Garrett et al. , 2011 ). 
All cyclic volt an11netry ( CV) and son1e chronopotention1etry was conduct ed 
using an eDAQ EA163 potentiost at and a conventional three-electrode elec-
trochen1ical cell arrangen1ent vvith a 1 M Ag/ AgCl reference electrode and a 
platinu1n wire counter electrode in P BS. 
4 .2.2 Electrochemical stability assessment 
Interleaved stin1ulation of four 600 µ1n dia1net er N-UNCD disk electrodes was 
perforn1ed wit h a cust o1n-built sti1nulator at current levels of 200 µA; 700 µA , 
1200 µA and 1700 µA for 7 days such that all electrodes were subj ected to 
a pulse frequency of 50 Hz. The range of current an1plit udes was chosen to 
span t he charge inj ection lin1it range for N-UNCD . Biphasic, cathodic first ; 
charge balanced pulses of 500 µs/ phase and 25 µs interphase duration were 
used. A plat inu1n wire with capacit ive coupling (10 µF ) served as t he counter 
electrode. All elect rodes ,\ ere short circuited together between pulses. Current 
and voltage wavefonns ( versus Ag/ AgCl reference electrode) ,\ ere recorded 
daily (PXI-4072. National Instrun1ents , USA). St i1n ulation \\ as perfonned in 
PBS. replenished daily. at roon1 t e111perature, in a paraffin fihn (P arafilm I, 
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Pechiney, USA) sealed petri dish. Scanning electron 1nicroscopy ( SEM) of all 
electrodes was performed before and after stin1ulation using a JEOL JSlV[-5910 
microscope. 
4.2.3 Explanted rat retina electrophysiology 
Methods confonned to the policies of the National Health and Medical Re-
search Council of Australia and were approved by the Ani1nal Ethics Co1n1nit-
tee of the University of Melbourne. 
Detailed procedures have been described previously (O 'Brien et al., 2002). In 
brief, data can1e fro1n 5 pigmented Long Evans rats ranging in age fro1n 5 
to 9 1nonths. Animals were anaesthetized with a mixture of Keta1nine (100 
mg kg-1 ) and Xylazine (10 mg kg- 1 ) and enucleated. After enucleation, rats 
were killed with an overdose of Sodiu1n Pentabarbitone (350 mg, intracardiac). 
Retinal wholemounts were placed, ganglion cell layer up in the recording cham-
ber (Warner Instruments, Hamden, CT USA, RC- 26GLP) and perfused ( 4- 6 
n1l min-1) with carbogenated Ames 1nediun1 (Sigma-Aldrich, St. Louis, MO) 
heated to 34°C. The chamber was mounted on the stage of an upright n1icro-
scope (Olyn1pus, BX51WI) equipped with a 40x water im1nersion lens and 
visualized with infrared optics on a 1nonitor with 4-x additional n1agnification. 
. -
To obtain a whole cell recording , we first 1nade a small hole in the inner lin1iting 
n1embrane and optic fibre layer overlying a ganglion cell ( 0 'Brien et al., 2002; 
Taylor and Wassle, 1995; Robinson and Chalupa, 1997). Recordings were 
lin1ited to RGCs exposed during this procedure that had s1nooth surfaces 
and agranular cytoplas1n. The pipette internal solution contained (in 1nM): 
K-gluconate 110, NaCl 5, EGTA 5, HEPES 10, J\1:g-ATP 4; (n10s1n = 282, 
pH adjusted 'to 7.3 with KOH) including Alexa Hydrazide 488 (250 µM) and 
biocytin (0.5%). Whole cell current cla1np recordings fron1 retinal ganglion 
cells ~ere obtained with standard procedures (Han1ill et al., 1981). Initial 
pipette resistance ranged between 3 and 7 MD. After obtaining a gigaohm 
seal and rupturing the cellular 1ne1nbrane, the pipette series resistance was 
measured and co1npensated with the bridge balance circuit of the amplifier. 
Resting potentials were corrected for the change in liquid junction potential 
that occurs upon break~in and cell dialysis. The liquid junction potential was 
1neasured directly as -ll 1nV (Neher, 1992). No capacitance co1npensation was 
e1nployed. 
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l\1en1brane potent ial was an1plified (BA-lS , NPI), digitized wit h 16 bit preci-
sion at 20 kHz (USB-6221 , ational Instru1nents) and stored in digital forn1. 
The data collected ,;vere analyzed off-line wit h cust o1n software developed in 
Labview ( J ational Instru1nents) . Cells v.rere excluded fron1 analysis if t hey 
exhibited 1narked instability of t heir resting potent ial or if their action poten-
t ials did not overshoot O 1n V. Once a quality recording was est ablished , v...re 
111easured each celrs response t o biphasic ( cathodic first) current stin1uli of 
varying a1nplitude generat ed by the stin1ulator (J\/_[ ulti-Channel Systen1s, Ger-
n1any) and delivered through a single dia1nond electrode (200 x 200 µ1n) placed 
upon t he inner lin1iting n1en1brane of the retina i1nn1ediately adj acent t o t he 
recorded cell. Contact with the inner lin1iting n1en1brane was evident when 
deforn1ation of the surface of the retina could be seen under the n1icroscope. 
In all cases, pulse duration of 500 µs per phase with an interphase gap of 25 µs 
was used. E ach sti1nulus an1plitude was repeated 10 tin1es at a frequency of 
1 Hz to generat e an intensity response function where response was defined as 
t he percentage of stin1uli that evoked one or 1nore action potentials . Individ-
ual action potential waveforn1s were extract ed fro1n the stin1ulus artefact by 
recording a subthreshold sti1nulus artefact , scaling it to the appropriat e cur-
rent an1plitude, and subtracting it fro1n the ravv trace . This procedure is quite 
sin1ilar t o that used to re1nove undesired leakage currents in voltage clan1p 
experi1nents (p / n prot ocol , in our case p / 3) . Threshold was calculated as t he 
current an1plitude that evoked 50% efficacy using a t,vo para1neter logistic 
function t o fi t t he data. Responses ,vere recorded fro1n a total of 12 RGCs 
using t hree ident ical electrodes such that each electrode was used to record 
responses fron1 four RGCs. 
Following recordings, t he retinal tissue was ren1oved fro1n t he chan1ber, mounted 
onto fi lter paper , fixed for 30- 60 n1inutes in phosphate buffered 4o/c parafonnalde-
hyde, and stored for up to 2 weeks in 0.1 J\!I phosphate buffered saline (PBS: 
pH 7.4) at 4°C. The t issue was subsequent l) processed to reveal biocytin-filled 
cells by i111111ersion in 0. 5o/c Triton X-100 , 20 1ng 1n 1 -1 streptavidin conjugated 
to Alexa488 (Invitrogen) in PBS o, ernight . Tissue was washed t horoughly 
in PBS. n1ount d onto Superfrost plus slides and coverslipped in 60o/c glyc-
erol. Cellular n1orphology "' as classified after 3D confocal reconstruction (Zei 
PASCAL). 
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4.3 Results 
4.3.1 Electrode characterisation and electrochemical stability 
Electrodes were characterised by cyclic volta1nn1etry and chronopotentio1netry 
before and after use. CVs were compared before and after activation and, in 
the case of the stability study, after use, to assess the degree to which the sili-
cone insulation was leaking (i. e. thus exposing braze alloy) and to ascertain if 
electroche1nical changes were occuring during use. Chronopotentiogra1ns were 
recorded before and after activation using biphasic 100 µA amplitude constant 
current pulses of 1 ins per phase to assess the efficacy of the activation. A fur-
ther set of chronopotentiograms were recorded to establish maximun1 charge 
inj ection values for the electrodes. These chronopotentiograms were recorded 
during 500 µs/phase constant current biphasic pulses of increasing current 
an1plitude until the capacitive voltage excursion ( the upward sloping section) 
during the pulse exceeded 1 V during the anodic phase. This was dee1ned to 
be a safe voltage as it lies well below the 1.5 V lin1it where oxidation of water 
begins to occur (see our previous work in Garrett et al. 2011) . Representative 
CV s and 1 ins per phase chronopotentiogra1ns recorded using both of the elec-
trode types used in the work described here are shown in figure 4.4. Figure 4.4 
(a) and (b) shows CV s and chronopotentiogra1ns (r·espectively) for 600 µ111 disc 
electrodes used in electrochemical stability experiments. Figure 4.4 ( c) and ( d) 
show the corresponding plots for a 200 x 200 µ1n square N-UNCD electrode 
used for explanted rat retina experin1ents, 
The CV s were recorded before (grey trace) and after (black trace) electroche1n-
ical activation and in the case of the 600 µm dia1neter electrode after one week 
of constant stimulation ( dashed trace). Chronopotentiograms were recorded 
before (grey trace) and after (black trace) activation. The plots shown are 
typical of all the electrodes discussed in this paper with the exception of elec-
trode 2 used for explanted rat retina. This electrode exhibited a sn1all a1nount 
of silver conta1nination, which is highly likely to have occurred during brazing. 
CVs recorded over the voltage range -2- 2.2 V exhibit significant oxidation of 
wate~ above 1.5 V and reduction of water below 1.6 V, consistent with our 
previous findings ( Garrett et al., 2011) . After activation t he charge inj ection 
capacity of the electrodes was calculated for biphasic constant current pulses, 
cathodic first and 500 µs / pulse. The charge injection capacity is derived fro1n 
the current at which t he capacitive cl;arging voltage excursion reached 1 V. 
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Figure 4.4. Representative (Vs and voltage traces recorded using the electrode 
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Figure 4.5. (a) Representative voltage excursions recorded using a 600 µm diam-
eter N-UNCD electrode during 1700 µA , 500 µs per phase (300 µC cm-2 ), biphasic , 
constant current pulses, before (grey) and after (black) one week of continuous 
pulsing at 50 Hz (3 x 107 pulses) . Also shown is the region from which daily 
anodic ,charging voltage excursion slopes were calculated . (b) Shows day by day 
anodic excursion slopes recorded during pulsing at t he current amplitudes and 
density indicated on the plots . The dotted lines represent ± one standard error of 
the mean or the 95 % confidence i nterva I of the mean ( day O excluded) . 
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Figur·e 4.6. Rat retinal ganglion cell morphology and response to electrical stimuli. 
(a) En face view of a confocal reconstruction of the ganglion cell recorded and 
label.led with Alexa488 (green) along with the propidium iodide-labelled cells in the 
ganglion cell layer (red). Scale bar = 50 µm . (b) Raw responses of the ganglion 
eel I in (a) above to a single su bth reshold · 20 µA pulse and severa I responses" to 60 
µA pulses; ( c) Plots of action potentials elicited by the biphasic pulses extracted 
by scaling of the 20 µA trace and subtracting it from the 60 µA pulses. 
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For the 600 µrn dian1eter electrodes this occurred at a current a1nplitude of 
1700 µA / phase (shown in figure 4.5 , grey t race) , which equates to a charge 
injection capacity Q c of 300 µC c1n-2 according to the forn1ula Q c =(I x t)/A 
where I = the current a1nplitude at which the capacitive voltag excursion 
reached 1 V , t = the current pulse duration and A = the geon1etric surfac 
area of the electrode in question. The capacitive charging voltage excursion 
for the three 200 x 200 µ111 square electrodes exceeded 1 V at a current of ap-
proxin1ately 200 µA , which equates to Q c = 250 µC c1n-2 . For all subsequent 
experin1ents the charge injection lin1its for both electrode types was treated 
as an upper lin1it for t esting. In so1ne cases trace signals fro1n residual braze 
could not be con1pletely elin1inated. Trace contan1ination was evident by the 
occurrence of a surface confined chen1ically reversible couple in the CV with 
a reduction peak at 0.2 V and an oxidation peak at 0.2 V , which we assun1e 
to be silver. Electrodes 1 and 3 described in this article exhibited clean CVs 
consistent with N-UNCD (e .g. fig. 4.4 ( c)) . Electrode 2 exhibited trace silver 
contan1ination but was used regardless , because the silver conta1nination was 
very low and did not adversely affect the electrochemical water window CV. 
4.3.2 Electrochemical stability 
Voltage wavefonns were recorded daily for each of the four current an1plitudes 
tested and the slope of the anodic voltage excursion calculated. Figure 4.5 
(a) shows the voltage excursion occurring during a 1700 µA per phase pulse, 
before (grey) and after (black) one week of sti1nulation at 50 Hz. The slope of 
the voltage excursion during the pulse is related to the electrode capacitance 
by the relat ionship dV / dt = i/ C where dV/ dt is the slope of the voltag 
excursion (V s-1 ) , i is the pulse current a1nplitude (A) and C is the electrode 
capacitance (F) ) t herefore changes in the slope indicate changes in the charge 
inj ection capacity. A day-by-day plot of the slope of the voltage excursion 
during the anodic phase for the 1700 µA and 1200 µA are shown in figure 4.5 
(b) . Indicated on the plots ( dotted lines) are the 95% confidence intervals of 
the 111eans for the data recorded fron1 days 1- 7. In all cases the slope recorded 
on day O lay slightly abo-\ e t he 95 % confidence interval and was t herefore 
excluded fron1 calculation of the 111ean. 
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Figure 4.7. Intensity response functions of three N-UNCD electrodes. (a) Plots 
of raw data (coloured points) and their fitted curves (corresponding colours) for 
four different retinal gangilon cells activated by this electrode . The 50% efficacy 
threshold current amplitude for each RGC is indicated on each plot . Electrodes 
were placed in contact with the vitreal surface of the retina and biphasic stimuli 
of different amplitudes were applied at 1 Hz. Efficacy was defined as the number 
of stimuli out of 10 that evoked an action potential . Note that all cells reached 
threshold (50% efficacy) before the charge limitation was reached (250 µC cm-2 ) . 
( b) , { c) Intensity response functions obtained using two add itiona I N-U NC D elec-
trodes ( n = 4 for each). The intensity response function of the eel I pictures in 
fig. 4.6 (a) was stimulated with electrode 2, and its response function is the red 
trace . 
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4.3.3 Explanted rat retina electrophysiology 
We recorded the ph) siological responses of 12 rat RGCs to electrical stin1-
ulation through three different dian1ond electrodes. Figure 4. 6 (a) shows a 
reconstruction of a typical rat RGC which gave rise to the physiological r -
sponses shown in figure 4.6 (b) and ( c) . The red stain labels the nuclei of all 
cells in the ganglion cell layer while the green stain fills the soma, dendrites 
and axon of the recorded retinal ganglion cell (fig. 4.6 (a)). Figure 4.6 (a) 
shows the cell as it appears in situ in the retina. Based on its n1orphological 
features we have identified this as a rat alpha (A2o) ganglion cell (Huxlin and 
Goodchild, 1997; Sun et al., 2002; P eichl , 1989). 
The responses of the RGC in1aged in figure 4.6 ( a) to stin1ulation by the 
N-UNCD electrode are presented in figure 4.6 (b) , ( c) . Electrical stin1ulation 
through the N-UNCD electrodes placed upon the surface of the retina adjacent 
to the recorded cell led to the generation of a stin1ulus artefact, present in all 
recordings , and action potentials generated by the recorded ganglion cell. In 
the raw recordings (fig. 4.6 (b)) stin1uli v,ith low intensity were subthreshold for 
generating action potentials ( e.g. 20 µA trace). These subthreshold traces were 
scaled appropriately to fit the recorded suprathreshold stin1uli (60 µA traces) 
and subtracted fron1 the raw data to reveal the underlying action potentials 
(fig. 4.6 (c)) . 
Pulse a1nplitudes v.rere repeated ten tin1es at a frequency of 1 Hz and the in-
dividual spikes extracted as described. Efficacy v,as defined as the percentage 
of stin1uli that elicited an action potential fron1 10 repeats delivered at 1 Hz 
(fig. 4.7). Each panel in figure 4.7 represents the data obtained fron1 four dif-
ferent cells for the three dian1ond electrodes we tested. Threshold was defined 
as 50% efficacy and calculated for each cell by fitting the raw data with a two 
pa.ra1neter logistic curve. All curves agreed with the ra.-v..r data to r 2 > 0.93. 
4.4 Discussion 
Charging of an electrode surface for neural stin1ulation should ideall be a 
11011-Faradaic or surface confined Faradaic electroche1nical process . Faradaic 
( electron transfer) proce ses occurring between an electrode and the biological 
111edia or t issue adjacent to the electrode: ( e.g. water electrolysis or protein 
reduction or oxidation) are potent iall · hannful in vivo . The driving force for 
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undesirable Faradaic reactions is the electrical potential (voltage) of the elec-
trode surface. Two electrochemical parameters are critical when assessing the 
suitability of n1aterial for neural sti1nulation. The first of these is the elec-
troche1nical water window, which is defined as the voltage range inside which 
cathodic or anodic water electrolysis does not occur. Our activated N-UNCD 
electrode consistently exhibits a water window between 1.6 and 1.3 V versus 
Ag/ AgCl. This is a wider water window than the most con1monly used neural 
sti1nulation 1naterials (platinun1 or iridiun1 oxide, -0.6- 0.8 V versus Ag/ AgCl 
fro1n Cogan 2008). Secondly, the electrochen1ical double layer capacitance or 
pseudo-capacitance (in the case of electrodes that exhibit surface confined elec-
trochemical reactions, e.g. iridium oxide) must be high. A high capacitance 
electrode can store a high quantity of charge while 1naintaining a low voltage. 
Thus, sufficient charge for neural stimulation can be stored at the electrode 
surface without risking dangerous electroche1nical processes occurring. For 
aln1ost all previously reported forms of diamond, electroche1nical capacitance 
is very low (Xie et al., 2006; Garrido et al., 2008) 1naking those forms of 
dian1ond a desirable material for recording electrodes (Yoshi1ni et al., 2011; 
Varney et al., 2011; Suzuki et al., 2007), but uns~itable for stimulation. High 
capacitance fonns of dia1nond are rare and to date are limited to very highly 
boron-doped polycrystalline dia1nond (Watanabe et al., 2010) and N-UNCD 
(Garrett et al., 2011; Bergonzo et al., 2011). 
-~ 
As previously observed, we 1neasured a substantial increase in charge injec-
tion capacity after electroche1nical activation by CV fron1 200 1n V to 2.5 Vin 
PBS. Figure 4.4 shows CV s and chronopotentiogra1ns recorded fro1n 600 µn1 
dian1eter and 200 x 200 µ1n square N-UNCD electrodes before and after elec-
troche1nical activation. Surface capacitance is proportional to the integral 
area of a CV thus capacitance can be estimated fron1 the anodic and cathodic 
current n1agnitude of a CV. T·he CVs recorded before activation (fig. 4.4 (a) 
and ( c), grey trace) have very low anodic and cathodic current magnitudes 
and therefore relatively low double layer capacitance . After activation (black 
traces in figure 4.4 ( a) and ( c) ); the CV current magnitudes increased sig-
nificantly indicating increased capacitance. There is a discernible Faradaic 
reduction peak at 0.5 V, which is attributed to dissolved oxygen. Otherwise 
the CVs are free of any reversible peaks associated with surface confined chem-
ically reversible Faradaic reactions, consistent with dian1ond electroche1nistry 
and indicate charging via electroche1nical double layer capacitance. The volt-
age traces depicted in figure 4.4 (b) and ( d) show the effect of activation on 
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t he electrode voltage excursion during a 100 µA an1plitude, constant current , 
biphasic ) 1 n1s / phase neural stin1ulation pulse. The voltage required to drive 
the pulse before activation ( dashed trace) is large in contrast to the activated 
electrode (black trace) where the voltage required is significantly lower. By 
pulsing the electrode at currents of increasing n1agnitude it is possible to de-
fine a n1axin1un1 current arnplitude for a given pulse condition by defining a 
voltage lin1it (1 V) that the electrode surface n1ust not exceed. It is irnpor-
tant to note that the voltage at the electrode surface is represented by the 
voltage n1agnitude over which the electrode rises after the initial rapid voltage 
change as the pulse is applied. This initial sharp voltage change ( access volt-
age) is required to overcon1e the electrode solution interface i1npedance and 
any other resistances in the circuit ( according to Oh1ns law) and thus is not 
actually present on the electrode surface. The n1axi1nu1n currents at which 
the capacitive voltage excursions exceed 1 V for 500 µs per phase pulses were 
approxin1ately 1 700 µA for · the 600 µ1n dia1neter electrodes and 200 µA for the 
200 x 200 µ1n square electrodes which equates to a charge injection capacity 
of 300 µC cm-2 and 250 µC c1n-2 , respectively. It is unclear why the two types 
of electrodes exhibited different charge inj ection values. The N-UNCD sheets 
used to n1ake the electrodes ca1ne fro1n different growth runs and thus may 
indicate an area where a higher degree of process control is required. These 
values of 300 and 250 µC c1n-2 are significantly higher than our previously 
reported value of 163 µC cn1-2 recorded using 3 1n1n dia1neter N-UNCD elec-
trodes (Garrett et al., 2011). In that vlork the charge inj ection capacities were 
estin1ated by observation of the slope of the voltage waveforn1s at 1noderate 
current an1plitudes in contrast to the e1npirical 1nethod used here. This il-
lustrates that calculated charge injection values fro1n low a1nplitude current 
pulses are not good predictors of charge inj ection li1n its and represents a flaw 
in our previous n1ethod. The N-UNCD charge injection values of 250- 300 µC 
cn1-2 n1easured here are slightly higher than typical platinun1 values ( ~150 µC 
cn1-2 in Cogan 2008) but up to an order of 1nagnitude lower than values re-
ported for IrOx (1000- 5000 µC cn1-2 in Cogan 2008). 
Calculation of the voltage slope during the anodic phase during pulsing re-
vealed a s1nall but significant drop in charge inj ection capacity between day 0 
and da} 1 of continuous pulsing ( average 4 % ) . Between 1 and 7 days of 
continuous pulsing the n1ajority of slope values re1nained within the 95% con-
fidence interval of the 1nean indicating no further significant change. This 
1na} represent a clear ad, antage over other 1naterials. Platinum is known to 
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pit and erode with extended use even when used well inside electroche1nical 
limits (Shepherd et al. , 1985; McHardy et al. , 1980) and so1ne fonns of irid-
iu1n oxide have been shown to degrade and/ or delaminate , particularly when 
the cathodic voltage excursion exceeds 0.6 V (Cogan et al. , 2004; Negi et al. , 
2010). In all cases the voltage slopes are close to constant during the 1najor-
ity of the pulse indicating that no Faradaic ( water electrolysis) processes are 
occurring. We observed no discernable changes in the surface morphology of 
the electrodes under SEM after the week of continuous pulsing. Little or no 
morphological or electroche1nical change during prolonged use is an important 
electrode property because degradation of electrode material over long duty 
cycles is a potential li1niter of device lifeti1ne. Changes in the 1norphology or 
electroche1nistry over time also represent risk factors because electrode volt-
ages 1nay stray to values that are unsafe in vivo. The after use CV shown in 
figure 4.4 (b) ( dashed trace) was recorded after a three week delay and after 
a reactivation cycle of 3 CVs from 200 1n V to 2.5 V versus Ag/ AgCl. The 
CV is very sin1ilar to the freshly activated CV indicating very little electro-
chemical change over the week long stimulation period. A reactivation cycle 
was required as the charge injection capacity of the electrodes reduced by 
between 20 and 30% over the three weeks of storage in air. Previously we 
established by XPS analysis that the strongest predictor of high charge injec-
tion capacity in N-UNCD was oxygen concentration in the 1naterial and we 
also showed that electrochen1ical activation increased oxygen concentration 
( Garrett et al., 2011). Oxygen functionalization could increase capacitance 
by specific interactions with the electrolyte (Watanabe et al., 2010). In other 
work, oxygen functionalization of carbon nanotubes led to a 3.2-fold increase 
in electroche1nical double layer capacitance (Kin1 et al. , 2005) attributed by 
the authors prin1arily to an increase in hydrophilicity and electrolyte proton 
interactions with oxygen functionalities. The loss of charge injection capacity 
. . 
with storage in air is 1nost likely due to adventitious adsorption of carbon 
species fron1 the air which are readily re1noved during CV. 
Having den1onstrated the stability and charge injection capacity of the N-
UNCD electrodes, we further sought to establish their utility in activating the 
ganglion cells of the 1nan1malian retina. When placed epiretinally, close to the 
son1as of the RGCs, the N-UNCD electrodes performed well , activating these 
cells well below the charge injection li1nit of 200 µA / 500 µs phase (250 µC 
cn1-2 ). This was true for all recorded RGCs. While the average activation 
curve for each electrode we tested was quite si1nilar, there was a high degree of 
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variability within the pool of cells recorded by each electrode (fig. 4. 7). This 
variability in the activation curves n1ay be due to variability in the excitability 
of different RGC types . It is well established that there are at least 16 different 
n1orphological types of RGC in the rat retina (Huxlin and Goodchild , 1997; 
Sun et al., 2002). Each type is defined by different cellular 111orphology (size 
pattern of dendrites, axon dia.111eter) and is also well known to respond differ-
ently to current injection. The variability is well established for both intra.-
and extracellular stin1ulation (O 'Brien et al. , 2002; Sekirnjak et al. , 2006· Tsai 
et al., 2009) . Threshold values could also be affected by the position of the 
recorded RGC relative to sti111ulating electrode. Uneven tissue on the retina 
surf aces 111eans son1e cells 111ay have been further away fro111 the electrode 
than others. In this work the RGC response latency of approxi111ately 0.6 111s 
was consistently observed ( e.g. figure 4.6 ( c)), which is sin1ilar to latencies 
previously reported by Cai et al. ( 2011) and Sekirnj ak et al. ( 2006) . Longer 
spike latencies of approxin1ately 2 n1s were observed by Tsai et al. (2009) after 
sti111ulation from a subretinal position. 
What is clear fro111 our data is that the dia.111ond electrodes are capable of ac-
tivating the retinal tissue well ·within the 200 µA current an1plitude lin1itation 
(Qc = 250 µC cn1-2 ). The lowest thresholds of 19- 20 µA were observed with 
two ganglion cells stin1ulated using electrode 1 (fig. 4.7 , Electrode 1, blue and 
black traces) . This equates to a charge inj ection of 25 µC c111-2 , well below the 
lin1it of 250 µC c111-2 established for the electrode. The highest threshold value 
of 164 µA was also recorded using electrode 1 (fig. 4.7 , Electrode 1, purple 
trace) and equates to a charge inj ection value of 205 µC 011-2 , which ·is 82% of 
the 250 µC cm-2 lin1it. Voltage excursions were not recorded during stin1ulation 
ovling to equipn1ent lin1itations but it is reasonable to assun1e that a voltage 
of a.pproxi111ately 0.82 V may have been present on the stin1ulating electrode 
being 82% of the 1 V lin1it. Thresholds of 41- 133 µA (51- 166 µC cin-2 ) were 
recorded over the 10 ren1aining cells , again well inside electrochen1ical li111its. 
Effecti, e stin1ulation using voltages lower than 1 V is desirable because, al-
though the defined safe, oltage of 1 Vis well below the water electrolysis limit ) 
it is unknown what other bioelectroche111istr} 111ay be occurring in the 0.6- 1 
V range. It is difficult to compare our threshold results to other whole111ount 
retinal recordings because our electrodes are very large in comparison to most 
other studies. The 200 x 200 µ111 electrode size ~ as intentionally chosen because 
it 111atches the size of the electrodes on _the BVA epiretinal device. T. ,ai et al. 
(2009) report lowest charge density thresholds of 1430 µC cn1-2 after subretinal 
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stimulation of wholemount rabbit retina using a 25 µn1 diameter Pt-Ir elec-
trode. Sekirnjak et al. (2006) consistently 1neasured thresholds less than 10 µC 
c1n-2 using a 14 µn1 diameter platinu1n disc array. Though an isolated RGC 
response does not necessarily lead to a cortical response, it appears that there 
is no finn evidence for cortical response thresholds being consistently higher 
than RGC thresholds. The review of Sekirnjak and colleagues covers RGC 
and cortical thresholds and cites reported values over a wide range between 
10 and 1200 µC cn1-2 . The collated results do not indicate that recording in 
RGCs or in cortex results in higher thresholds for one technique over the other 
(Sekirnjak et al., 2006). The range. of threshold results is so broad however 
that firm conclusions cannot be drawn. de Balthasar et al. (2008) report per.:. 
ceptual thresholds between 5 and 750 µC cn1-2 over 6 hu1nan patients fitted 
with the Argus I device. The Argus I had 16, 260 or 500 µm dia1neter platinum 
disc electrodes and was attached in an epiretinal position. In that work they 
correlate low thresholds with close proxin1ity to the retina. 
SEM investigation of the used 200 x 200 µm square electrodes showed li1nited 
delamination of the silicone insulation, in particular where it contacted the 
sides of the diamond electrodes ( fig. 4.3 (a)). It is possible that this 1nay have 
acted as a source of current leakage by increasing the area of diamond exposed 
to solution. Furthermore, in this case, some N-UNCD would not have been 
directly in contact with the retina resulting in a low i1npedance pathway for 
current leakage. This current leakage would result in higher threshold values 
due to loss of so1ne charge into the solution rather than through the tissue, 
causing the n1easured threshold to be inflated. Despite this potential current 
loss , our threshold values (25- 188 µC cm-2 ) are at the low end of the spectrum 
reported by Sekirnjak et al. and are well inside the safe electroche1nical limits 
of the n1aterial (250 µC cm-2 ). The results thus indicate that N-UNCD is 
electrochen1ically viable as a 1naterial for use in sti1nulating electrodes for 
retinal prostheses. 
4.5 · Conclusions 
N-UNCD electrodes were fabricated and electroche1nically activated yielding 
charge inj ection values over the range of 250- 300 µC cm-2 . The electrodes 
exhibited no significant n1orphological or electrochen1ical changes after con-
tinuous pulsing at the charge injection ·1i1nit in PBS for one week. N-UNCD 
electrodes were used to electrically stimulate excised w hole1nount rat retina 
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eliciting 50% efficacy activation t hresholds between 25 and 188 µC c1n-2 for 
RGCs adjacent to t he _ -UNCD electrode. Despite t he possibility of so1ne 
current leakage: t hese t hreshold values are low in t he context of existing lit-
erature and are well below the safe charge inj ection lin1it of 250 µC cn1-2 for 
N-UNCD . This is a strong indication that N-UNCD is an electroche1nically 
viable n1aterial for retinal stin1ulation. Co1nbined with the high electrochem-
ical stability exhibited , N-UNCD is a pron1ising electrode 1naterial for broad 
electronic in1plantable prosthesis applications. 
Chapter 5 
Optimal Electrical Activation 
of RGCs 
Retinal prostheses seek to restore visual perception in the blind through elec-
trical sti1n ulation of surviving retinal ganglion cells (RGCs). While increased 
stin1ulus a1nplitude often results in greater neural activity, the influence of 
other waveforn1 parameters such as phase duration on efficacy is unclear. 
I wished to detern1ine the waveform para1neters n1ost effective in activat-
ing RGCs using planar electrodes fabricated fro1n nitrogen-doped diamond. 
Whole-cell patch-cla1np recordings fron1 40 A2-type RGCs were made in retinal 
whole n1ount preparations fron1 26 Sprague-Dawley rats. J\1en1brane potential 
recordings were an1plified, sa1npled at 50 kHz and stored in digital fonn. Cells 
were sti1nulated using a 200 µn1 square dian1ond electrode positioned over the 
son1a and driven by current inj ection. Stin1uli were delivered against a distant 
1nonopolar return electrode. Phase duration and polarity had the largest ef-
fect on activation thresholds - cells were most responsive to cathodic pulses 
of short phase duration. Waveforn1 asyn11netry and increases in interphase 
interval further reduced thresholds. Efficacy for 20 Hz and 200 Hz stin1ulation 
dropped to rv65% and rv30% of efficacy at 1 Hz respectively by the 20th pulse. 
These results suggest that a careful choice of electrical waveforn1 para1neters 
can significantly i1nprove prosthesis efficacy. 
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5.1 Introduction 
Retinit is pigrnentosa (RP ) refers to a fan1ily of degenerative eye diseases t hat 
ult i1nately result in blindness ; affecting 1.5 n1illion people worldwide (Shintani 
et al.; 2009) . vVhile photoreceptors are largely destroyed ; significant popula-
tions of inner retinal neurons and retinal ganglion cells (RGCs) survive the 
advanced stages of degeneration (Santos et al. i 1997) . Vision n1ay be part ially 
restored by n1eans of a retinal prosthesis , which operat es by electrically stin1u-
lating the surviving retina to evoke visual percept ion. Several research groups 
are ,;vorking t owards the develop1nent of such a device (see , ;\Teiland et al. 2011 
for review) i wit h each proj ect e1n ploying a part icular electrical ,;vavefon n to 
elicit a neural response. 
It is generally accepted t hat increasing t he amplit ude of a stin1ulus evokes 
greater neural activity. On the other hand, excessive sti1n ulation can result in 
da1nage t o t he t issue or stin1ulation apparatus (Ivlerrill et al. i 2005; Colodetti 
et al., 2007) . It is therefore desirable to evoke a given neural response using 
t he sn1allest possible stin1ulus an1plitude. Rect angular , biphasic pulses such as 
t hose en1ployed by 1nodern prosthetic devices can elicit 1n ore neural activity 
by extending the duration of each phase. Ho,;v would this change if t he am-
plit ude was scaled such t hat t he charge of t he original waveform is preserved? 
Niore broadly, can certain wavefonn paran1eters be adjusted to bring about 
a reduction in activation t hreshold without increasing an1plit ude? ,i\That is 
t he relationship bet,;veen say; interphase interval and efficacy? I seek to an-
swer these questions by observing t he electrophysiological response of RGCs 
to extracellular epiretinal electrical stin1ulation using nit rogen-doped dian1ond 
electrodes (Hadjinicolaou et al., 2012) . In t his study I detern1ine which wave-
fonn paran1eters have t he greatest effect on charge t hresholds and use t his 
inforn1ation to characterise t he n1ost efficacious electrical waveforn1. 
5.2 Methods 
5.2.1 Retinal wholemount preparation 
Detailed procedures have been described previously (0 1Brien et al·.1 2002 ; 
\rong et al. : 2012) . Data can1e from 26 pig1nented Sprague-Da,;vle rats rang-
ing in age fron1 3- 5 n1onths . Anin1als were anaesthetised with a n1ixture of 
Ketan1ine (100 1ng kg- 1) and Xylazine (10 n1g kg- 1 ) and enucleated. R,ats were 
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sacrificed with an overdose of Sodium Pentabarbitone (350 n1g, intracardiac) 
after enucleation. Retinal wholen1ounts were placed ganglion cell layer up 
in the recording chamber and held in place with a stainless steel harp fitted 
with Lycra threads (Warner Instru1nents , CT USA). Once 1nounted in the 
chamber, the retina was perfused (4- 6 ml min-1) with carbogenated Ames ' 
mediun1 (Sig1na-Aldrich, St. Louis , MO) and heated to 34°C. The cha1nber 
was mounted on the stage of an upright 1nicroscope (BX51 WI , Olympus) fit-
ted with a 40x water-i1nmersion lens. The microscope was fitted with a CCD 
camera (Ikega1ni, ICD-48E) used to visualise the retinal tissue on a 1nonitor 
with 4x additional magnification. 
5.2.2 Physiological data collection 
To obtain a whole-cell recording, a S1nall opening in the inner limiting 1nem-
brane and optic fiber layer covering a ganglion cell was first made ( 0 'Brien 
et al., 2002; Robinson and Chalupa, 1997; Taylor and Wassle, 1995). Large-
diameter RGCs with sn1ooth surfaces and agranular cytoplas1n that were ex-
posed during this procedure were targeted for recordings. The pipette internal 
solution contained (in n1M): K-gluconate 110, NaCl 5, EGTA 5, HEPES 10, 
Mg-ATP 4; (1nOs1n = 282, pH= 7.3) including Alexa Hydrazide 488 (250µM) 
and biocytin (0.5%). Whole:-cell current-cla1np recordings were obtained ac-
- cording to standard procedures (Han1ill et al. , 1981), and tlie pipette series 
resistance was n1easured and compensated for using standard an1plifier cir-
cuitry. Initial pipette resistance ranged fro1n 3- 7 Mn. Prior to recording, the 
pipette voltage in the bath was nulled. After obtaining a gigaoh1n seal and 
rupturing the cellular n1e1nbrane , the pipette series resistance was n1easured 
again to confirm break-in. Resting potentials were corrected for the change 
ir~ liquid junction potential (Neher, 1992) that occurs upon break-in and cell 
dialysis. The liquid junction potential was 1neasured directly as -11 m V. Ca-
pacit~nce co1npensation (i.e. the use of additional a1nplifier circuitry to reduce 
the unwanted low-pass filtering of voltage 1neasure1nents) was not e1nployed. 
Me1nbrane potential was a1nplified (BA-lS , NPI), digitized with 16-bit preci-
sion at 50 kHz (USB-6221, National Instru1nents) and stored in digital form. 
Collected data were analysed off-line with custo1n software developed in MAT-
LAB· (Math Works). Extracellular sti1nuli were generated by an external con-
stant current source (MCS-4004, J\tlulti-Channel Systems) and delivered through 
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a single 200 x 200 µn1 square nitrogen-doped dian1ond electrode (recentl de-
scribed in Hadji11icolaou et al. 2012) placed upon t he inner lin1iting n1e1nbrane 
of the retina in1n1ediately adjacent to the recorded cell. Contact with the 
ILIVI was evident ·when surface deforn1ation of the retina could be seen under 
the 1nicroscope. Sti1nulating electrode resistances varied between 4- 6 kn. A 
distant silver chloride-coated silver ball electrode provided an electrical return. 
5.2.3 Immunocytochemistry and morphological identification 
Following recordings , the retinal tissue was ren1oved fron1 the cha1nber, mount-
ed onto filter paper , fixed for 45 1ninutes in phosphate-buffered 4% paraforn1al-
dehyde, and stored for up to 2 weeks in 0.1 I\!I phosphate-buffered saline (PBS · 
pH 7.4) at 4°C. The tissue was subsequently processed to reveal biocytin-filled 
cells by incubation in 0.5% Triton X-100 , 201ng m1-1 streptavidin conjugated 
to Alexa488 (Invitrogen) in PBS overnight at roo1n te1nperature. Tissue was 
then washed thoroughly in PBS and stained with propidiu1n iodide for around 
8 n1inutes in order to reveal the boundaries of the inner plexifonn layer (IPL) 
by staining the nuclei of cells in the inner nuclear (INL) and ganglion cell layers 
( GCL). Samples were again washed in PBS and n1ounted onto Superfrost slides 
and protected in 60% glycerol using a coverslip. Cellular n1orphology was 
classified after 3D confocal reconstruction (Zeiss PASCAL) using previously 
established paran1eters (Sun et al., 2002; , i\Tong et al., 2012). 
5.2.4 Experimental protocol 
The pri1nary ai1n of this study was to characterise the most effective electri-
cal wavefonn for extracellular activation of RGCs. All pulses generated were 
biphasic and charge-balanced so as to prevent the production of toxic chen1-
ical species and 1naintain electrode integrity (I\Ierrill ct al. : 2005) . Sti1nulus 
waveforn1s were li1nited to rectangular pulse trains as e1nployed by current-
generation retinal prostheses ( e.g. Bionic Vi ion Australia., 2013). Such a 
v,ravefon11 can be fully described by five para1neters - phase duration (pd1 
and pd2), a.sy1nmetry (defined by phase duration ratio PDR = pd2/pd1 ) , in-
terphase interval (ipi ), polarity (negative-leading biphasic pulses are referred 
. 
to a cathodic first): and frequency. This study seeks to detern1ine which of 
these paran1eters have the greatest effect on efficac . 
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Prior to performing the experiment, each cell was subjected to brief depo-
larizing currents delivered by way of the recording pipette to ensure viability 
of the cell and stability of the recording. Viable cells, which produced a ro-
bust response ( consistency and positive spike overshoot) to intracellular cur-
rent injection, were then subjected to further investigation using extracellular 
stimulation. An electrical pulse delivered through the sti1nulating electrode 
that managed to elicit a cellular response aln1ost always evoked a single spike, 
although bursts of two or three spikes were observed on occasion. A limited 
number of trials were affected by 111embrane potential fluctuations that signif-
icantly increased (by a factor of at least 50%) the number of evoked spikes for 
a given sti1nulus. Additional trials were collected in these instances. 
The first stage of the experi1nent, the fractional factorial (FF) protocol, sur-
veyed a relatively large paran1eter space to address the question of which 
waveform parameters have the greatest effect on activation thresholds. Here, 
threshold was defined as the amount of charge per phase required to elicit 
40- 50% efficacy. Efficacy is defined here as the percentage of delivered stimuli 
that evoke at least one spike. The subsequent waveform optimisation (WO) 
protocol then used broad findings from this parameter survey to inform the 
design of a baseline waveform from which further refinement would result 
in a wavefonn opti1nised for extracellular RGC activation. Starting with this 
baseline waveform, sti1nulus waveform parameters were opti1nised to maximise 
efficacy. In protocol sections where frequency was fixed, each trial co1nprised 
ten pulses delivered at a rate of 2 Hz. Each stin1ulus condition was repeated 
at least three ti1nes unless otherwise noted. In the final frequency protocol, 
where the effect of stimulus frequency was investigated, at least two trials for 
each sti1nulus condition were collected. 
Fractional factorial protocol 
A 111ii1i1nal set of 12 electrical wavefonns ( table 5.1) defined by a fractional 
factorial design (see Gunst and ]VIason, 2009) was used to test four levels 
of first-phase duration (pd1 = 60 µs, 200 µs, 340 µs, 480 µs), four levels of 
asy1n1netry (PDR = 1, 2, 3, 4) , four levels of interphase interval (ipi = 60 
µs, 240 µs, 420 µs, 600 µs) and polarity ( anodic-first and cathodic-first). The 
wavefonns were presented in random order and delivered at a fixed frequency 
of 2 Hz. Threshold amplitudes were evaluated by adjusting current amplitude 
until at .least two consecutive trials exhibited 40- 50% efficacy. 
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Table 5.1. The set of waveform parameters used in the FF protocol. Phase 
durations and interphase interval are in units of microseconds . Cathod ic- first 
pulses are indicated with a minus symbol , anodic-first with a plus symbol . 
n pd1 pd2 1p1 pol 
1 200 400 240 
2 200 400 240 + 
3 60 180 420 
4 200 600 600 + 
5 480 480 420 
6 480 1920 60 + 
7 480 1440 60 
8 340 340 420 + 
9 60 240 240 
10 340 1360 600 + 
11 340 680 600 
12 60 60 60 + 
Waveform optimisation protocol 
Broad findings fro1n the F F protocol were used to define a baseline waveform 
consisting of a sy1n 1netrical , cathodic-first pulse of 120 µs phase duration with 
no interphase interval. Beginning wit h this baseline wavefonn, the following 
procedure was then used to derive the optimal waveform: 
1. Find threshold ( 40- .50% efficacy) for the baseline waveform. 
2. Test interphase intervals fron1 0- 800 µs using threshold an1plitude. 
3. Update the baseline waveforn1 with the 111ost effective value of interphase 
interval between 0- 100 µs: for threshold a1nplitude. 
4. Test phase durations of 60 µs, 120 µs, 240 µs, 480 µs . 
( a) Find t hreshold an1plitude I th for the updated baseline v. a, eforn1 , 
where (pd1 = pd2 = 120 µs) . 
(b) Test all phase duration con1binations for both phases while preserv-
ing the charge per pha e (I t h x 120 µs) of t he previous wavefonn ( see 
fig. 5. 1). 
5. Update the baseline v. avefon11 wit h the 111ost effective phase durations. 
6. Define thi. ,YaYeforn1 a the optin1al \\ a, eforn1. 
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Figure 5.1. An illustration of the waveform matrix delivered during the phase 
duration optimisation stage. Phase durations of 60 µs, 120 µs, 240 µs, and 480 µs 
were tested for both phases. The waveform highlighted by the red box indicates the 
baseline waveform at threshold amplitude. All waveforms maintain the per-phase 
charge of the baseline waveform. 
Frequency protocol 
The optimal waveform, scaled to reach suprathreshold (90- 99% efficacy) at 
1 Hz, was then used to investigate the effect of stimulus frequency. Pulse 
trains containing a maxi1nun1 of 50 pulses were then delivered for stimulation 
frequencies ranging from 1- 200 Hz. At each stimulus frequen_cy, efficacy was 
quantified as the percentage of stimulus pulses that evoked an action potential. 
5.2.5 Data analysis 
All data analysis was perfonned using custom software developed in MATLAB 
(~1:athWorks). Efficacy curves were generated by fitting a two-parameter lo-
gistic function to the data. In all cases, efficacy was defined at the proportion 
of stimulus events which evoked at least one action potential from the recorded 
cell. To explore the effect of cell morphology, two subsets of cells ( large and 
small)°were identified on the basis of either a) dendritic field size, or b) son1a 
size. Cells with dendritic field _dia1neters exceeding 460 µm were designated 
as large cells, while cells with dendritic fiel_d dia1neters less than 360 µm were 
designated as s1nall cells. In terms of soma size, cells were defined as large if 
their soma dia1neters were 23 µm or greater, while dia1neters of 20 µ1n or less 
were classified as small. Efficacy for these large- and sn1all-cell subsets was 
calculated by averaging efficacy over two analysis windows. At each stimulus 
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frequency the duration of the analysis ·windows was such that each contained 
10 sti1nulus pulses . Thus , at 5 Hz, each window 'was 2 seconds in duration 
while at 50 Hz each windov.r was 0.2 seconds in duration. The start of the 
first ( or early) vvindovv was coincident with the onset of the stin1ulu pul e 
train. The start of the second (late) window was delayed, with respect to the 
first , by an interval equal to the window duration. In effect, the early window 
quantified effi cacy over pulses 1- 10 of the sti1nulus pulse train while the late 
windov.r quantified effi cacy over pulses 21- 30. 
Efficacy for large and sn1all cells was con1pared within these windows at each 
sti1nulus frequency tested. The statistical significance of any observed differ-
ence in efficacy between large and s1nall cells was deten11ined \i\rith a randon1 
pennutation test (Efron and Tibshirani, 1993). Specifically, efficacy within the 
two analysis windows was calculated for each cell . Cells were then randon1ly 
assigned to one of two groups with the size of the two groups being equal 
to the size of the original large and s1nall cell groups (i .e ., group assignn1ent 
was rando1nly pern1uted). Efficacy was then averaged across cells within each 
group and the difference calculated. This pern1utation of group assignn1ents 
was perforn1ed a n1ini1nu1n of 10,000 tin1es, resulting in a null distribution of 
the expected difference in 1nean efficacy assun1ing cell size had no effect . The 
observed difference in the unpennuted data (i .e., the difference in the n1ean ef-
ficacy averaged across the original subsets of large and sn1all cells) was deen1 d 
significant if the proportion of sa1nples in the null distribution which exceeded 
the observed difference \i\Tas less than 5% (i .e., p < 0.05). 
rviult ilinear regression (regress in ]'v1ATLAB) was used to construct a n1odel 
for charge thresholds using data fron1 the FF experin1ent. All model coeffi-
cients \i\ ere nonzero over a 95% confidence interval. The relationship between 
son1a dian1eter and dendritic field dia1neter (p = 0.383 , p = 0.028) was con-
firn1ed by con1puting P earson 's linear correlation coefficient . 
5.3 R esults 
\Ve recorded physiological responses fro1n 48 RGCs of \ i\ hich 40 could be cla: -
sified as A2-type after n1orphological reconstruction. The re1naining eight cell 
were detern1ined not to be A2 cell but were otherwise unclassified. Atte1npts 
vY re n1ade to obtain a con1plete set of data for each cell , hov.rever this was not 
alwa, possible as t he entire experin1ental protocol t) pically required n1ore 
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Figure 5.2. (A) Actual versus calculated charge thresholds. (B) Normalised 
charge thresholds averaged across all cells. White bars indicate anodic-first stimuli 
and black bars indicate cathodic-first stimuli. The data are ordered by increasing 
first-phase duration, which is listed for each group. The stimulus numbering 
scheme corresponds with that of table 5 .1. 
than two hours to perfonn and recordings were so1neti1nes lost prior to com-
pletion. 
5.3.1 Fractional factorial protocol 
-
Multilinear regression was used to describe a relationship between several 
waveforn1 para1neters and charge thresholds (r2 = 0.831) fro1n 29 A2 RGCs. 
The charge thresholds associated with each sti1nulus wavefonn were averaged 
across all cells. The analysis found first-phase duration, polarity, and asy1n-
metry to be significant factors (i.e. nonzero over a 95% confidence interval) 
in detennining charge thresholds, for which a regression line was fitted and 
described by 
Qtli (pd1, pd2 , pol) = 4.4 + 0.045 · pd1 + 4.3 · pdd2 + 5 .4 ·pol, p l 
where phase durations are in units of microseconds , charge thresholds are in 
units of nanocoulo1nbs, and polarity is either -1 (cathodic) or + 1 (anodic). 
Figure 5.2 (A) den1onstrates the agree1nent between calculated and average 
experin1ental charge threshold for each of the twelve tested waveforn1s . We 
can better assess the relative efficacy of each waveform by normalising charge 
thresholds such that for each cell, the lo-\vest threshold has a value of O and 
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the highest a value of 1. This data is averaged across all cells and displayed 
as a bar graph in figure 5.2 (B) . Vve observe that cells are n1ost responsive 
to wa, eforn1s 3 and 9 ,;vhich are both cathodic-first ) as} n11netric ) and have 
the hortest first-phase duration (60 µs) . The two waveforn1s with the worst 
perfonnance (6 ) 10) are anodic-first , asyn1metric, and have long first-phase 
durations . ( 340 µs and 480 µs). 
This paran1eter survey den1onstrates that cathodic pulses of short first-pha e 
duration are effective in evoking neural activity v.rith n1inin1al charge. However 
the effects of asym1netry and interphase interval ren1ain unclear. Based on this 
result ) the baseline waveforn1 is defined as a sy1nn1etric, cathodic-first pulse 
of 120 µs phase duration ,vith no interphase interval. This baseline wavefonn 
provided a starting point for the waveform opti1nisation. 
5.3.2 Waveform optiinisation protocol 
Efficacy and strength-duration 
The n1edian current required to reach activation threshold was 171 µA for 
the baseline waveforn1. Efficacy curves for each cell are plotted in figure 5.3 
(A) . All fitted curves had an r-squared of> 0.9 ) ,vith the 1nedian value being 
0.99 . Strength-duration curves (fig . 5.3) B) ,,vere generated for each cell by 
varying the phase duration ( 40- 480 µs) of a sy1nmetric pulse with no interphase 
interval. Threshold-vs-duration followed a power lav. (r2 > 0.99) described b} 
Iu,,(pd) = 5.6 x 104 · pd-1.3 + 42 , 
'where t hreshold current is in units of n1icroa1nps ; and phase duration 1 1n 
units of n1icroseconds. 
Interphase interval 
To evaluate t he in1pact of interpha e interval on v. avefonn effi cacy, we first 
found threshold an1plit ude for t he baseline wa, efonn ( 40-50o/c effi cac ) , which 
had no interphase co1nponent . We then added progressi, el longer interphase 
int en -als and exa111ined the consequent change in efficac} for these two an1pli-
tude . The data (fig. 5.4) shov.r t hat efficac. was in1pro, ed wit h the inclu ion 
of an interphase interval. At threshold an1plitude: efficac} increased on a er-
age fron1 44 % to 66% ,, hen increasing t he interphase fro1n zero to 20 µs. An 
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Figure 5.3. (A) Efficacy curves (n = 48) fitted to experiment data. The median 
efficacy curve is indicated by the thick dark line. (B) Strength-duration curves 
(n = 23). The average S-D curve is indicated by the thick dark line. 
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Figure 5.4. Efficacy as a function of interphase interval (n = 48). Error bars in-
dicate plus/ minus one standard error. Note that while addition of short interphase 
intervals ( < 100 µs) does increase efficacy, longer durations have little effect. 
additional increase to 40 µs interphase increased efficacy up to 74%. Addi-
tional interphase beyond 40 µs yielded trivial improvement. It is clear fro1n 
the plot that although a short interphase interval serves to reduce activation 
thresholds, gains in efficacy saturate for values greater than 100 µs. 
Asymmetry 
Prior to opti1nising sti1nulus wavefonn asy1n1netry, the baseline wavefonn was 
updated using the optin1al interphase interval. Threshold current a1npl,itude 
was then detern1ined for this updated baseline waveform. Phase durations of 
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Figure 5.5. Efficacy as a function of phase duration for the waveform matrix 
(n = 46) . Red: asymmetric waveform preference. Blue : symmetric waveform 
preference . Grey: short first-phase duration preference. Lighter shading indicates 
greater efficacy. Arrows in waveform matrix sketch indicate increasing phase du-
ration . 
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Figure 5.6. Average efficacy _as a function of phase duration for the waveform 
matrix, for each response category. Efficacy for selected waveforms is indicated 
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responded preferentially to the asymmetric waveform with (pd 1 , pd 2 ) = (60 µs, 
480 µs). 
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Figure 5.7 . Charge savings for an example cel l. Efficacy for the baseline stimulus 
waveform (dashed grey curve) can be improved by either increasing the injected 
pe r- phase charge (arrow 1) or by opt im ising for interphase interva l (arrow 1) . The 
charge savings achieved after optimisat ion effectively shift t he efficacy curve to 
the left (arrow 2, solid black curve) . 
60 µs , 120 µs, 240 µs and 480 µs were tested for each phase, preserving the 
per-phase charge of the baseline waveforn1 . Figure 5.1 shovvs an illustration of 
the 4 x 4 v.ravefon11 matrix evaluated in this protocol section. Figure 5.5 uses 
the sa1ne representation to indicate average efficacy for the wavefonn 1natrix, 
showing the responses fro1n 46 cells. A given cell was said to have a preference 
for the asy1nn1etric wavefon11 (pd1, pd2 = 60 µs , 480 µs) if its associated efficacy 
was at least 10 percentage points higher than that of the sy1n1netric wavef on11 
(pd1 = pd2 = 60 µs) . Such cells are indicated in figure 5.5 (red shading). 
The responses of all cells that 1neet this criterion were averaged, resulting in 
figure 5. 6 (A). Sin1ilarly, cells that preferred the syn1metric ,\ravefon11 ( fig. 5. 5, 
blue shading) and those that responded to both wavefonns with si1nilar efficacy 
(fig . 5.5 , grey shading) were grouped into their respective categories and their 
responses averaged (figures 5.6 B , C). The nun1ber of cells that belong to each 
category is indicated in parentheses in figure 5. 6. Over the range of phase 
durations considered ) the shortest fir t -phase duration of 60 µs always gave 
rise to lower activation thresholds and the n1ajority (63%) of cells responded 
best (red shading) when sti1nulated with a highly asyn11netric waveform (PDR 
; fig. 5. 6 A) . A sn1aller proportion ( 15 % ) of cells preferred symmetrical 
pul es (PDR = 1: fig. 5.6 B ). 
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Figure 5.8. Per-phase charge savings after waveform optimisation (n = 46). 
(A) Raw charge savings . Median charge savings after optimising ipi and pd were 
2.4 nC and 4.4 nC respectively. (B) Charge savings as a percentage of t he pre-
optim isation charge . Median charge savings after optimising ip i and pd were 14% 
and 22% respectively. 
Relatin g e fficacy to charge 
We can translate increases in efficacy to per-phase charge savings by using 
the efficacy curve generated at the start of the experi1nent to detennine a) the 
threshold current before opti1nisation, and b) the an1ount of current required to 
achieve the san1e efficacy after opti1nising the relevant param~~er. The current 
difference is then converted to charge and expressed as a percentage of the per-
phase charge before opti1nisation. An exan1ple of this procedure is shown in 
figure 5. 7. The efficacy curve for a single cell , generated using the baseline 
waveform paran1eters ( c.f. fig . 5.3 A) is shown by the dashed grey curve. The 
efficacy curve for this cell after opti1nising the interphase interval is shown by 
the solid black curve. The threshold criterion (50% efficacy) prior to wavefonn 
opti1nisation defines the baseline-per-phase charge (15 .3 nC). After wavefonn 
opti1nisation , efficacy at this per-phase charge was increased from 50% to 97% 
( arrow 1). The a1nount of additional charge that would be required to generate 
an eq~ivalent efficacy using the baseline wavefonn (2.4 nC) is then interpreted 
as charge saved. Waveform optimisation effectively shifts the efficacy curve to 
the l~ft ( arrow 2). 
Figure 5.8 shows a box-and-whisker plot for charge savings as a result of opti-
1nising interphase interval and phase duration. Opti1nising interphase interval 
led to n1edian charge savings of 14% and optin1ising phase duration re~ulted 
in 1nedian charge savings of 22%. 
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5.3.3 Frequency protocol 
The optin1al waveforrn , obtained after optin1ising the interphase interval and 
phase duration of the baseline \,vaveforn1 , was used to test the effect of stin1ulus 
frequency on efficacy. Increased stin1ulation frequency resulted in decreased 
efficacy. Figure 5. 9 (A) plots efficacy as a function of pulse nu1nber for frequen-
cies ranging fron1 5- 200 Hz. Efficacy decreases for consecutive stin1ulus pulses , 
converging to a frequency-dependent level after approxin1ately 20 pulses. By 
the 20th pulse, efficacy for 20 Hz and 200 Hz had fallen to roughly 65% and 30% 
of efficacy at 1 Hz , respectively. The effect of frequency on suprathreshold cur-
rent , or the an1plitude required to elicit 90- 99% efficacy was also investigated. 
Figure 5.9 (B) plots the relationship between frequency and suprathreshold 
current (n = 10) , expressed here as a 1nultiple of that required for 1 Hz sti1n-
ulation. 
5.3.4 Morphology 
Tvforphological differences within the single cell type considered in this study 
were found to contribute to differences in ability to keep up with repetitive 
electrical sti1nulation. Figure 5.10 demonstrates that cells v1ith sn1all and 
large dendritic fields (DFs) exhibit differences in their ability to sustain sti1n-
ulation at high frequency. Over the duration of the early analysis window 
(first 10 sti1nulus pulses , fig. 5.10 A) , cells with sn1aller DFs are highly re-
sponsive to stin1ulation over all frequencies . Conversely, cells with large DFs 
n1anaged to respond to only half of these stin1uli by 100 Hz. This difference 
persisted over the duration of the late analysis window (pulses 21- 30 fig. 5.10 
B) , ·where sn1all cells could again better sustain activation at the highest stirn-
ulation frequencies tested . A sin1ilar analysis was perfonned based on soma 
size. Again , sn1aller cells were found better able to sustain high frequency 
stin1ulation (fig. 5.11 ). These findings n1ay be of consequence for retinal pros-
thesis patients if larger RGCs are found to be n1ore susceptible to RP-induced 
degeneration, as Quigley (199 ) found in his study of glauco1na. 
I\Iorphology was otherwise not found to significantly influence the response 
to electrical stin1uli in this study. A histogran1 illustrating the distribution of 
large 3,nd sn1all dendri tic fields is shown in figure 5 .10 ( C). The di tri bu tions of 
large DF (red ) and sn1all DF (blue) efficacy curves in figure 5.10 (D) suggest 
that thresholds were largely independent of cell size (\iVilcoxon rank sun1 test , 
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Figure 5.9. Frequency dependence of stimulation. (A) Efficacy, plotted against 
consecutive pulse number, falls with frequency (n = 37) . Curves were treated 
with a moving average (five points). (B) Normalised suprathreshold current as a 
function of frequency. Error bars indicate plus / minus one standard error. 
p = 0.097). Similarly, no significant differences were found between the optimal 
interphase interval and phase durations of large and s1nall cells . 
5.4 Discussion 
This study sought to detennine the waveform parameters of greatest influ-
ence on RGC activation thresholds and then characterise the 111ost efficacious 
electrical wavefonn. The 1nain findings 1nay be sun1111arised as follows: 1) 
cathodic-first, short-phase sti1nuli have lower charge thresholds than anodic-
first stimuli , 2) the effect of asy1nn1etry depends on phase duration, and 3) 
n1orphological differences between cells are correlated with the ability to sus-
tain repetitive stin1ulation at high frequency. 
5-.4.1 · Waveform parameters 
Sti1nuli delivering 111ore charge are 1nore likely to evoke a biological response. 
Activation thresholds for the 120 µs per phase baseline wavefonn of the present 
study were found to be lower (1nedian of 21 nC) in con1parison to that observed 
in Chapter 4 (also Hadjinicolaou et al. , 2012), where the median charge thresh-
old of 41 nC was found for the 500 µs per phase wavefonn. Despite restricting 
observations to a single cell type, activat ion thresholds were found to exhibit 
substantial variation in these experiments , ranging fron1 3 nC to the highest 
value of 101 nC. In Chapter 4, which did not control for cell type , the sn1allest 
and largest thresholds were 10 nC and 82 nC , respectively. 
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Figure 5.10. (A, B) Differences in frequency response as related to dendritic field size . Small OF diameters are defined as being < :JGO µm 
(n = 7) , large OF diameters > 460 µm (n = 7). Error bars indicate plus / minus one standard error . Grey and black dots indicate statistically 
significant differences in the responses of the two cell populations (p < 0.05 and p < 0.01, respectively) . (A) considers efficacy over th e early 
analysis window (first 10 stimuli pulses), while (B) considers pulses over the late analysis window (pulses 21- 30) . (C) Histogram of OF diamet er 
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Cathodic-leading pulses were found to be 111ore effective than anodic-leading 
pulses. This finding has been predicted b} neuronal n1odelling (RattaJ , 1999) 
and validated experin1entally in studies of auditory nerve fibres (Shepherd and 
Javel, 1999) and isolated retinae (Sekirnjak et al. 2006). There have , how-
ever. been cases in which lovler activation thresholds were observed for anodic-
/ 
first pulses (Jensen and Rizzo III, 2006). The authors found that activation 
thresholds for subretinal electrical activation of ON RGCs in the rabbit were 
not significantly influenced by sti1nulus polarity, ·while OFF RGCs required 
on average 2- 7.5 tin1es n1ore current to reach threshold using cathodic-first 
stin1ulation con1pared with anodic stin1ulation. 
Short phase durations yielded lower activation thresholds con1pared to longer 
phase durations with identical charge per phase. The reduction in pulse effi-
ciency (i .e. efficacy for a given per-phase charge injection) Vlith phase duration 
has been established previously (e .g. Rattay et al. , 2012). 
Stin1ulus waveforn1 asyn1n1etry has been observed to reduce charge thresholds 
in cat and guinea pig auditory nerve experi1nents (Shepherd and Javel, 1999; 
11iller et al., 2001) and ,~.ras proven to be inconsequential in the study of Koivu-
nie1ni and Otto (2011), which en1ployed intracortical stin1ulation of the rat 
auditory cortex. In n1y in vitro study, the effect of asy1n1netry largely depends 
on the duration of the first phase. The regression line fitted to data collected in 
the fractional factorial protocol predicts that charge thresholds increase with 
asyn11netry and yet the t,i\,o 1nost effective vvaveforn1s are asy1nn1etric . This 
is illustrated in figure 5.12, "\i\Thich plots nonnalised charge threshold against 
first-phase duration for four different levels of wavefonn asy1nn1etry. This plot 
suggests that asy1nn1etry serves to reduce charge thresholds if the first-phase 
duration is s1nall enough (left-n1ost points shown in red in fig. 5.12) . Results 
fron1 t he phase duration optin1isation stage depicted in figure 5.5 support 
this assertion - over the range of phase durations considered ( 60- 480 µs) , the 
shortest first-phase duration always ga, e rise to the sn1allest charge thresholds , 
which were usualh reduced further with a PDR > 1. 
o./ 
\ iVavefonn efficacy i1nproves with greater ten1poral separation between each 
phase . The increase in interphase interval fro111 zero to 20 µs offers the largest 
gain in efficac) (22% increase; fig. 5.4) with successive steps resulting in 1naller 
gains. Increasing interphase inten al beyond 100 µs offers negligible iinprove-
n1ent in threshold . These findings "\i\ ere 1nade in the \i\ 0 protocol and explain 
"hy interphase interval was not recognized as a significant paran1eter in the 
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values. PDR = {1, 2, 3, 4} = {blue , dark-blue , dark-red, red}. The gradients of 
the fitted lines suggest that threshold dependence on phase duration is in tensified 
by asymmetry. 
FF protocol analysis - any difference in threshold caused by 111oving between 
the two s111allest values of interphase interval considered ( 60 µs and 240 µs) 
would have been dominated by the effects of polarity and phase duration. The 
observation that interphase interval i111proves efficacy is congruent with pre-
vious reports by investigations in the cat, guinea pig, and tiger salan1ander 
(Shepherd and Javel , 1999; Prado-Guitierrez et al. , 2006; Wejtz et al. , 2011 ) . 
My finding that waveform efficacy decreases with sti111ulus frequency is consis-
tent with that of other studies perfonned using isolated rabbit retina (Jensen 
and Rizzo III , 2007; Tsai et al. , 2009; Freen1an and Fried, 2011) . These studies 
classified cells into ON and OFF categories but reported no significant differ-
ence between the ability of each broad cell type to sustain repetitive stin1u-
l~tion. _There 111ay be a connection between this phenomenon and the fading 
of visual percepts over time in hun1an implant subjects. As contemplated by 
Free1~1an et al. (2011 ), this fading 111ay arise fron1 the desensitisation of a cer-
tain proportion of cells , as oppos~d to the entire ganglion cell population. ]'v1y 
data den1onstrate that variability in son1a and dendritic field size has a sub-
stantial effect within cells of .a single morphological type, suggesting that this 
dese11sitised proportion of cells 111ay be distinguished by size. Suprathreshold 
current was also seen to increase with frequency, roughly by a factor of 1.5 at 
200 Hz. This finding 111ay have i111plications for the dynamic range of pros-
thetic sti111uli and so could potentially ·be exploited by a retinal prosth~sis to 
extend the dyna111ic range of perceived phosphene intensities. 
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5.4.2 Implications for retinal prostheses 
The notion of 'optin1ar in this study relates to a wavefonn that evokes a certain 
level of neural activity using n1inin1al charge. In this study; RGCs are 1nost 
receptive to cathodic-leading; asyn1111etric pulses of short phase duration; with 
a sn1all a1nount of interphase interval. 
It is likely that the electrical wavefonn en1ployed by a co1n1nercially success-
ful retinal prosthesis will depend on the site of intervention. Although the 
extent to vlhich electrical stin1ulation can excite selective neuron populations 
(e.g. A2 cells) re1nains unclear, there is evidence that phase duration can be 
111anipulated to elicit activity fron1 different retinal neuron types. 
Several groups (Jensen et al. 2005a; Fried et al. 2006; Tsai et al. 2009, isolated 
rabbit retina; El far et al. 2009, in vivo cat pri1nary visual cortex) have found 
the electrically evoked retinal response to consist of a transient ; short-latency 
con1ponent (attributed to direct RGC activation) as well as a late response 
originating fron1 cellular activation presynaptic to the RGC (indirect activa-
tion). Fried et al. (2006) deinonstrated that pulses of short duration could be 
used to selectively evoke short-latency spiking. Inner retinal neurons appear 
to be responsible for the late response and can be preferentially excited by 
longer phase durations (Fried et al.; 2006; JVIargalit and Thoreson, 2006) . It 
would be interesting to understand how the optin1al wavefonn as defined by 
111y study would differ for activation of bipolar or horizontal cells. 
What kind of prosthetic vision will be evoked by electrical pulses of short phase 
duration? Short phase durations facilitate direct RGC sti1nulation , which 
can be n1ade to replicate te1nporal patterns of activit) observed in visually 
stin1ulated retina, supporting stin1ulus frequencies ranging fro1n 50- 250 Hz 
(Sekirnjak et al., 2006; Fried et al., 2006). Conversely, indirect spiking has been 
found to lack reliability during repetitive sti1nulation across a si1nilar range of 
frequencies (Tsai et al. , 2009) . Sekirnj ak et al. (2006) noted in their in vitro 
rat and guinea pig studies that short-latency spiking could be evoked in the 
absence of indirect activation for frequencies greater than 8 Hz, while Fried 
et al. (2006) found that indirect activation could be avoided entirely in the 
explanted rabbit retina. It has been suggested that direct retinal activation 
will afford high spatial selectivit) C\;riln1s et al. 2003; J ensen et al: 2005a; 
Sckirnjak et al. 2006, 2009) but this is disputed. Elfar et al. (2009) determined 
the cortical activity associated with direct retinal acti, ation in the cat to be 
broadly distributed and hifted toward the area centralis . Cortical acti, ity 
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arising fron1 indirect RGC activation was n1ore focal and 1naintained higher 
correspondence with the retinotopic location of the electrical sti1nulus. Their 
study and others attribute the short-latency retinal response to the activation 
of incidental RGC axons positioned beneath the stimulating electrode, which 
is thought to li1nit the spatial resolution of a prospective retinal implant. 
A factor that could influence the choice of wavefonn is the nature of degen-
eration in the patient. One supposed advantage of the subretinal and supra-
choroidal modes of sti1nulation concerns the utilisation of surviving retinal 
circuitry for visual processing - the electrical activation of bipolar and hori-
zontal cells over, or in addition to retinal ganglion cells is thought to lead to 
n1ore precise phosphene generation (Weiland et al., 2005; Chader et al., 2009). 
Degenerative diseases such as retinitis pig1nentosa are however characterised 
by extensive neural reorganization in addition to widespread neuronal death 
(Marc et al., 2003) and so it is likely that for severe cases of degeneration, the 
function of surviving interneurons will be compron1ised. This assertion is sup-
ported by findings from Margalit et al. (2011) who determined that synaptic 
responses fro1n retinal interneurons were absent in late-stage degenerate mice 
and concluded that it 1nay be more worthwhile to target retinal ganglion cells 
directly. Longer pulses are known to target retinal interneurons (JVIargalit and 
Thoreson, 2006) and so their use could be of ben~fit in early stages of disease 
where existing retinal circuitry retains its original function. 
5.5 Conclusions 
My study shows that waveform efficacy can be improved through manipula-
tion of waveform parameters other than sti1nulus a1nplitude. For rectangular 
hiphasic pulses , the largest gains in efficacy arise fro1n the use of cathodic-
leading pulses of short phase duration. Further performance i1nprove1nents 
can be achieved by en1ploying asymn1etry and a sn1all interphase interval. 
The present results suggest that a careful choice of wavefonn paran1eters could 
significantly improve the efficacy of a retinal prosthesis. 

Chapter 6 
Selective Sinusoidal 
Activation of RGCs 
Modern retinal prostheses for the blind elicit visual perception through indis-
crin1inate electrical stin1ulation of surviving neural populations. In the ma1n-
1nalian retina, the visual scene is encoded in the spike trains of 10- 20 types of 
retinal ganglion cells , each of which responds differently to a visual sti1nulus. 
Indiscriminate activation of all these pathways by a retinal prosthetic would 
lead to the generation of misinfonnation, such as the simultaneous activation 
of ON and OFF pathways at the sa1ne retinal location. It is therefore of 
great interest to develop stin1ulation strategies that would selectively activate 
a subset of visual pathways. I directly injected sinusoidal currents into rat gan-
glion cells during whole cell current clamp recordings and demonstrated that 
certain RGC subsets , defined on the basis of morphological type , stratifica-
tion , and size, were more responsive to high frequency stimulation. Frequency 
responses fro1n ON and OFF cell recordings were co1npared with responses 
generated fron1 single-co1npartinent ON and OFF RGC 1nodels. Specifically, 
while OFF cells had the capacity to respond to higher frequencies (> 30 Hz) 
of intracellular stimulation, ON cells did not. Further si1nulations suggest this 
111ay he due to the presence of low-voltage-activated calciun1 (Ca2+) channels 
expressed by OFF cells . It was also discovered that larger cells are better 
able to respond to high frequency intracellular sti1nulation. Given the intrin-
sic differences a1nong ON and OFF cell responses to injected current , it 1nay 
be possible to design extracellular sti1nulation strategies to activate selected 
visual pathways preferentially. 
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6.1 Introduction 
The idea of using electrical current to confer visual inf orn1ation to th blind has 
received considerable global interest . J\1icroelectronic visual prostheses target 
various stages of the visual systen1 , with retinal prostheses seeking to restore 
vision to those suffering fron1 degenerative eye diseases that co1npron1ise the 
photoreceptors of the retina. Clinical trials of retinal prostheses have den1on-
strated that while electrical stin1ulation of the retina does indeed elicit some 
sort of visual percept , these devices are as yet incapable of consistently evok-
ing patterned neural activity rese1nbling that observed in the healthy retina 
(Ahuj a et al., 2011; Zrenner, 2002). Given that the retina uses up to 15 par-
allel pathways to encode different aspects of the visual scene (vVassle, 2004; 
J\,Jasland, 2001) and that existing n1odes of stin1ulation are largely non-specific, 
it is not perhaps surprising that visual percepts generated by current prosthetic 
devices are rather prin1itive. The ability to selectively activate particular cell 
types by 1neans of careful electrical n1anipulation v1ill allow for the induction 
of n1ore natural neural activity and would constitute a significant advance over 
present sti1nulation strategies. 
Retinal ganglion cells (RGCs) are tasked with the encoding of visual infor-
n1ation into electrical signals that are relayed to the brain through the optic 
nerve. These cells constitute the output of the retina and take a variety of 
anato1nical fon11s distinguished by son1a size, dendritic field size, branching 
patterns , and stratification (J\Iasland, 2001; Sun et al., 2002; \ i\Tassle, 2004). 
Together ,i\/ith the distribution of ion channels on the cellular 1ne1nbrane, these 
1norphological characteristics give rise to intrinsic cellular properties that in-
fluence the nature and flow of visual infonnation through the retinal network 
(O'Brien et al., 2002; \ iVong et al. , 2012). For exan1ple, large cells, such as the 
alpha cells: have s1nall input resistances and can thus be n1ore easily activated 
by electrical sti1nuli. 
Retinal ganglion cells (RGCs) vary not only in 1norphology but also in their 
response to light stin1ulation ( for re, iew, see \i\, iissle 2004) . The spiking fre-
quency of an ON-centre cell ( or sin1ply ON cell) increases when its receptive 
field centre is exposed to light. Sin1ilarly, an OFF cell is excited by light decre-
111ents ·within the recepti, e field centre. ON-OFF cells respond to th0 change 
in contrast 'lvith both polarities. Each of these RGC types is further charac-
terised by dendritic stratification - ON cell dendrites s ratify within sublan1ina 
a of the inner plexifon11 layer: OFF cell dendrites stratify within sublamina b , 
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and ON-OFF cells dendrites occupy both sublaminae (Huxlin and Goodchild, 
1997; Sun et al., 2002) . Moreover, the distinct sets of circuitry underlying ON 
and OFF retinal pathways have a number of functional differences , including 
receptive field size, contrast adaptation, and contrast sensitivity ( Chichilnisky 
and Kahnar, 2002; Zaghloul et al., 2003) . 
In the context of retinal prosthesis applications, it is of interest to see whether 
electrical stimulation can selectively elicit activation in a particular cell pop-
ulation. Recently it was shown that sinusoidal stimulation of the retina can 
preferentially activate different broad retinal cell classes. Using high frequency 
(100 Hz) sti111ulation, Free111an et al. (2010) were able to selectively activate 
RGCs. Lower frequencies were found to bias neural activation in bipolar cells 
(25 Hz) and photoreceptors (5 Hz). This finding appears to have considerable 
potential for the refinement of prosthetic sti111ulation. Additionally, modelled 
RGC responses to intracellular sinusoidal current injection predict that high 
frequency stimulation could bias OFF cell activation (Kan1eneva et al., 2010) . 
In the present study I provide experi111ental validation of this prediction and 
further explore this frequency-selective activation of different RGC types. 
Son1e of these data have been presented previously in a prelin1inary forn1 (Had-
j inicolaou et al., 2011). 
6.2 Methods 
6. 2 .1 Experiments 
Retinal wholemount preparation 
Whole-cell current clan1p recordings fron1 82 RGCs were obtained using pro-
cedures described previously (O 'Brien et al., 2002; \i\Tong et al., 2012). Data 
were taken fro111 26 Long Evans rats aged between 6 and 11 months. Animals 
were anaesthetised with a 111ixt1-1re of Ketamine (100 mg/kg) and Xylazine 
(10 1µ.g/kg) and enucleated , after which they were killed with an overdose of 
Sodiutn P entobarbitone (350 111g intracardiac). Quadrants of retinal whole-
111ounts were placed, ganglion cell layer up in the recording chamber (Warner 
Instru111ents, Ha111den, CT USA, RC-26 GLP) and perfused ( 4- 6 1111/min) with 
carhogenated Aines' 111ediu111 (Sig111a-Aldrich, St. Louis, MO) at roo111 te111per-
ature. The chan1ber was 111ounted on the fixed stage of an upright 111icr~scope 
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(Olyn1pus , BX51 \ iVI) utilizing a 40 x water in1n1ersion lens. Tissue was visu-
alised on a n1onitor with 4 x additional n1agnification. 
Physiological data collection and analysis 
Before a ,iVhole-cell recording of a ganglion cell can be obtained, access to the 
cell surface must be obtained . This was achieved by n1aking a sn1all hole in the 
inner lin1iting 1nen1brane and optic fiber layer overlying the cell ( 0 :Brien et al. , 
2002; Robinson and Chalupa, 1997; Taylor and \ i\Tassle, 1995; V\ ong et al. , 
2012). Recordings were li1nited to RGCs exposed during this procedure that 
had s1nooth surfaces and agranular cytoplasn1. The pipette internal solution 
contained (in n1M): K-gluconate 115 , KCl 5, EGTA 5, HEPES 10, Na-ATP 2, 
Na-GTP 0.25; (n10s1n = 273 , pH = 7.3) including Alexa Hydrazide 488 (250 
µ1/J) and biocytin (0.5%). 
Whole-cell current clan1p recordings fron1 RGCs ·were obtained with standard 
procedures (Han1ill et al. , 1981 ) using an intracellular a1nplifier (BA-1S , NPI). 
Initial pipette resistance was 3- 7 1/JQ. After 1neasure1nent, this resistance was 
co1npensated using the bridge balance circuit of the an1plifier . Resting poten-
tials were corrected for the change in liquid junction potential that develops 
upon break-in and cell dialysis , n1easured directly as -5 mV (Neher, 1992) . No 
capacitance con1pensation was en1ployed to avoid inducing unwanted oscilla-
tions in the recording , v.rhich can lead to loss of the gigaohn1 seal. 
The n1en1brane potential was digitized with 16-bit precision at 20 kHz (USB-
6221 , National Instrun1ents) and stored in digital forn1 . The data were ac-
quired using custon1 software developed in Lab VIEV\ (National Instru1nents). 
Cells ,i\ ere excluded fro1n analysis if they exhibited n1arkedly inconsistent re-
sponses to sti1nuli, or if their 1norphological classification could not be reliably 
ascertained after perfonning the i1nn1unocytoche1nistry. 
Electrical stimulation 
Sinusoidal currents ranging in frequency fro1n 1 to 60 Hz were injected through 
the recording pipette. The current an1plitude was selected so as to con1p nsate 
for the input resistance of each cell , which can vary o, er three orders of mag-
nitude among different rat RGC t} p e (\iVong et al., 2012) . Using a sinu oidal 
current of 10 Hz , the sn1allest an1plitude ,i\ as found such that at least one spike 
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was elicited from the cell in each stin1ulus cycle. This an1plit ude was then used 
to test all other frequencies. A single trial consisted of intracellular inj ection 
of t he sinusoidal current of a given frequency for a period of l s . The response 
of the cell was then quantified as the number of evoked spikes over this ls 
period, and is labelled as spiking frequency. A single trial for each frequency 
was presented, and t his was repeated to obtain at least two trials. 
Immunocytochemistry and morphological identification 
After recordings, the tissue was ren1oved fro1n the chan1ber, n1ounted onto 
filter paper , fixed for approxin1ately 45 1ninutes in phosphate-buffered 4% 
parafonnaldehyde, and stored for up to 2 weeks in 0.1 M phosphate-buffered 
saline (PBS; pH 7.4) at 4°C. Subsequent processing of the tissue revealed 
biocytin-filled cells by in11nersion in PBS ,vith 0.5% Triton X-100 and 20 g/n1L 
streptavidin conjugated to Alexa488 (Invitrogen) overnight. Tissue was thor-
oughly washed in PBS and stained with propidiu1n iodide for roughly 8 n1inutes 
revealing the boundaries of the inner plexiform layer (IPL) by staining the nu-
clei of cells in the inner nuclear (INL) and ganglion cell layers ( GCL). After 
additional washes in PBS , sa1nples were n1ounted onto Superfrost slides and 
protected in 60% glycerol using a coverslip. 
Ganglion cells were reconstructed in 3D with a confocal nucroscope (Zeiss 
PASCAL) and classified n1orphologically into types according to the criteria 
listed in the following papers (Sun et al., 2002; Huxlin and Goodchild, 1997; 
Wong et al., 2012) . Cells were classified as either ON or OFF-center according 
to whether their dendrites were localised 1nainly within sublan1ina a ( OFF 
n = 22) or sublan1ina b (ON n = 5) of the inner plexiform layer. Cells whose 
dendrites ra1nified in both strata (a and b) were classified as ON-OFF (n = 14) . 
6.2.2 Numerical simulations 
The responses of ON and OFF RGCs were si1nulated using the forn1ulations 
described by (I(an1eneva et al., 2011). Briefly, the dynan1ics of the ionic cur-
rents ·used to model ON and OFF cells were described using Hodgkin-Huxley 
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type equations: 
dV _ _ 3 - 3 ) Cm-= I st im + 9L(V - VL) + g Ta7TI h(V - Vi a)+ 9CaC (V - Vea dT 
+ (gKn4 + .9K ,Aa3 hA + .9I<(Ca)) (V - VK) 
+ (g11l(V - Vj1 ) + .9T7n}hT(11 -1/rr) + .9NaPP(1/ - VNa), (6.1) 
where V is the 111en1brane potential , Cm = 1 µF cn1- 2 represents the 111en1-
brane capacitance, I st im is an intracellular stin1ulation current, and g is the 
111axin1un1 conductance of an ionic current, specified by the subscript. The 
values for the para1neters in (6.1) are given in the appendix. The 1nodel was 
in1plen1ented as a single-con1partinent n1odel in NEURON (Hines, 1993) and 
solved using a standard Euler integration 1nethod with a tin1e step of 0.025 n1s. 
The constrained 1nodels of ON and OFF cells were used to exa1nine the pos-
sibility of selective sinusoidal stin1ulation of each cell population. Sin1ulations 
were used to systen1atically explore the frequency-an1plitude para1neter space 
and the associated cellular responses. Sinusoidal currents were tested over all 
frequencies while keeping the sti1nulus a1nplitude constant. The an1plitude 
was 111ade to vary between 10- 100 pA and the sti1nulation frequency between 
1- 100 Hz. 
6.2.3 Data analysis 
All data analysis was perfon11ed using custom software developed in 1,1ATLAB 
(1v1ath Works). To explore the effect of cell 111orphology on spiking frequency, 
tv.ro subsets of cells (large and sn1all) were identified on the basis of dendri tic 
field and so1na size. Cells viTith dendritic field dian1eters exceeding 410 µ1n were 
designated as large, while cells with dendritic field dia1neters less than 250 µ111 
were designated as sn1all. Further , cells were designated as s1nall if their so1na 
dian1eters were < 14 µ1n , and large if their dian1eters were > 20 µ1n. The 
statistical significance of any observed difference between spiking frequency 
for RGC subsets vvas evaluated with a randon1 pern1utation test , as described 
in Chapter 5. Frequency response data fron1 two cells were excluded on the 
basis of their responses being 111ore than three standard deviations from the 
1nean. The relationship between son1a dia1neter and dendritic field 9-ia1neter 
(p = J .484 . p = 0.001) vlas confirmed b) con1puting P earson 's linear correlation 
coefficient . 
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6.3 Results 
6.3.1 Anatomy 
Recordings were 1nade fro1n 82 RGCs, for which data on morphological clas-
sification ( n = 40) , stratification ( n = 41) , soma dia1neter ( n = 42) , and 
dendritic field dianieter (n = 44) was collected. It was not always possible to 
co1npletely reconstruct the recorded cell 's n1orphology. For exa1nple, while the 
1norphological type of a given cell 1nay be recovered , uneven retinal tissue may 
prevent classification on the basis of ON, OFF, or ON-OFF stratification. It is 
also possible to discern t he stratification of a cell in cases where the son1a was 
not adequately reconstructed , preventing morphological classification. Of the 
cells recorded, 42 cells could not be classified conclusively and were therefore 
on1itted from the analysis presented here. The remaining cells were classified 
as A-type (n = 15) , B-type (n = 2) , C-type (n = 11) , or D-type (n = 12) ac-
cording to the classification scheme proposed by Sun et al. (2002). In general, 
cells classified as A-type had large somata and large dendrit ic fields , cells with 
sn1all-to-1nediu1n-sized so1nata and dendritic fields were classified as B-type, 
and cells with sn1all-to-n1edium-sized so1nata and 1nediun1-to-large dendritic 
fields were designated as C-type. Bistratified cells were assigned to t he D-
type class. On the basis of stratification, n = 5 ·were classified as ON cells, 
n = 22 as OFF cells, and n = 14 as ON-OFF cells. Dendrite stratification was 
calculated by the fonnula 
( 
IPL start - X ) 
strat%(x)=l00 1- IPL -IL , 
start P end 
where x refers to the depth (here, 'depth ' increases fro1n the ganglion cell 
layer towards t he photoreceptor layer) of a tern1inal dendrite, and IP Lstart 
and IP L end refer to the start and beginning of the inner plexifonn layer , 
respectively. Stratification distributions for ON and OFF cells are shown in 
figure 6.1. Exan1ples of ON, ON-OFF and OFF cell reconstructions are shown 
in figure 6.2. 
6.3.2 Physiology 
In this section, the frequency responses" of various RGC subsets (A, B , C, and 
D; ON and OFF; large and S1nall) to sinusoidal current stin1uli ate con1pared . 
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Figure 6.1. Stratification distributions for ON (n = 5) and OFF (n = 21) cells . 
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Stin1ulus an1plitudes were set so as to elicit at least one spike per sinusoidal 
phase when delivered at 10 Hz . In son1e cases; 1nult iple spikes ·were evoked by 
each stin1ulus cycle; leading to a spiking frequency of greater than 10 Hz for 
the optin1ised a1nplitude . 
M o rphological cell types 
Figure 6.3 (A) shov1S spike frequency plotted against stimulus frequency for 
four different n1orphological cell types. The A cells appear to have the highest 
upper cut-off frequencies 1.vhen con1pared to those of other n1orphological types 
(fig. 6.3A) . The average cutoff frequencies with respect to the spiking frequency 
at 10 Hz are esti1nated as 40 Hz (A-type) ; 11 Hz (B-type) ; 8 Hz (C-type) , 
and 16 Hz (D-t} pe) . Though responses fron1 A cells and B cells seem nost 
different ; the lin1ited nun1ber of recordings fro1n B cells (n = 2) 1nake it difficult 
to draw any credible conclusions. On the other hand; frequency responses 
fron1 C- and D-type cells are quite sin1ilar (p > 0. 05 for all frequencies). The 
n1ajority of 1nonostratified cells were OFF-centre (14/15 A-type; 0/2 B-type j 
and 8/ 11 C-type). Figure 6.3 (B) compares the A-type and C-type frequency 
responses , ,vhile (C) co1npares A-type and D-type responses. It is clear that 
for these cell groupings, the error bars do not overlap at frequencies above 
10 Hz. de111onstrating a difference in frequency selectivity. 
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Figure 6.2. 30 reconstructions of OFF (A2o; panel A), ON-OFF (D2; panel B) and ON (C4i, panel C) cells. A cross-section of the retina 
( shown beneath each en face representation) i 11 ustrates where each eel I stratifies within the inner plexiform layer (IPL). Recorded eel Is are label led 
with Alexa488 (green). All other cells in the ganglion cell layer and IPL are labelled with propidiurn iodide (red).. 
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ON and OFF stratification 
To investigate the reported difference between ON and OFF cells (Margolis and 
Detwiler, 2007; Ka1neneva et al., 2010), identified neurons were classified on 
the basis of their stratification, combining cells across all 1norphological classes. 
ON cells (n = 5) co1nprised 3 A-type, 1 B-type, and 1 C-type cell. OFF cells 
(n = 22) comprised n = 14 A-type and n = 8 C-type cells. While it would be 
ideal to compare ON versus OFF for each cell type individually, randon1 cell 
selection prevented this from being a possibility in the present work. However , 
it should be considered that ON and OFF sti1nulation will activate all cell types 
sin1ultaneously in the real retina, so the results presented here are relevant to 
general stimulation with a prosthetic device. The frequency responses of all 
identified ON , OFF, and ON-OFF RGCs, along with the responses to the 42 
non-identified cells are shown in figure 6.4. In general, OFF cells are able to 
1naintain their spiking rate when sti1nulated at the highest frequencies tested, 
while ON cell responses are suppressed beyond 30 Hz. Figure 6.5 shows the 
frequency tuning characteristics averaged across the identified ON, OFF, and 
ON-OFF cell types. The ON-OFF frequency response appears to be a hybrid 
of those of the ON and OFF cells - at lower frequencies , ON-OFF cells respond 
sin1ilarly to OFF cells, while at higher frequencies their suppressed response 
rese1nbles that of the ON cells. Based on their intrinsic properties, it has been 
noted previously that the firing properties of ON and ON-OFF cells are n1ore 
sin1ilar to one another than either are to OFF cells (Wong et al., 2012). 
Large and small cells 
In Chapter 5, it was revealed that s1nall cells could better keep up with high 
frequency extracellular stin1ulation. This prompted further investigation as 
to whether a sin1ilar finding could be made for the intracellular sti1nulation 
en1ployed in this chapter. Significant differences were observed between the 
frequency responses of large and sn1all cell populations. Responses were col-
lected fro1n cells of all n1orphological types . Figure 6.6 (A , B) de1nonstrates 
that it is in fact the larger cells, both in tenns of so1na size and dendritic field 
size, that are better able to respond to intracellular sinusoidal sti1nulation than 
sn1aller cells. Histogra1ns illustrating the distribution of large and S1nall cells 
are shown in figure 6.6 (C, D). 
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Figure 6.4. Spike rate as related to stimulus frequency for identified ON (A) , OFF 
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6.3.3 Simulations 
In this section, the responses of ON and OFF RGCs to sinusoidal current injec-
tion are compared to the simulated responses of the RGC model of I{a111eneva 
et al. (2010). Data from all confinned ON and OFF cells are used, irrespective 
of 1norphological type and size. 
Filter characteristics of ON and OFF cells 
Figure 6. 7 shows simulated responses (blue) to sinusoidal current inj ections 
at 10 Hz (left) and 30 Hz (right). For con1parison , experimental recordings 
fron1 representative ON and OFF cells are shown in black. The si1nulated 
responses exhibit 111any si1nilarities to the observed experi1nental recordings. 
Notably, simulated ON and OFF cells exhibit differences in their response to 
higher frequency stin1ulation si1nilar to those described for the ON and OFF 
cells recorded in 111y investigation. During 10 Hz stin1ulation, the si1nulated 
ON cell produced a single spike during each cycle of the sti1nulus current . The 
si1nulated OFF cell produced two action potentials on every cycle of the sinu-
soid. Si1nilar observations were 111ade in the experi1nental recordings (fig. 6. 7, 
black traces) although the real OFF cell shown produces two spikes on only 
two cycles and n1ore often producing only a single spike per cycle. While both 
ON and OFF cells shown here could sustain their responses to 10 Hz stimula-
tion, only the OFF cell could keep up at 30 Hz. (fig. 6.7, right, black traces) 
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Figure 6. 7. ON and OFF RGC responses to sinusoidal stimulation . Blue: sim-
ulated responses. Black: responses from experimental recordings. The stimulus 
amplitude was conserved across all frequencies . Stimulus cycles are provided at 
the bottom. Vertical bars: 50 mV, horizontal bars: 100 ms. 
albeit firing only sporadically. · The simulated ON cell failed to produce any 
spikes in response to sti1nulation at 30 Hz. The simulated OFF cell exhibited 
low a1nplit ude fluctuations for every second cycle of the stiml!_lus, producing a 
spike on every other cycle. 
Spiking frequency is plotted as a funct ion of stimulus frequency for the sin1u-
lated ON and OFF cells in figure 6.8 (A) . For con1parison, the average spike 
frequency as a function of stimulus frequency for the recorded ON (n = 5) and 
OFF (n = 22) cells are shown in figure 6.8 (B) (these curves are reproduced 
f~om figure 6.5) . The frequency response derived fro1n the n1odel cells predicts 
the general features of the responses observed experimentally. Both the sim-
ulated responses and the recorded data exhibit a low-pass characteristic with 
spiking frequency falling off as sti1nulus frequency is increased above the refer-
ence frequency of 10 Hz. Both the sin1ulated OFF cell and the recorded OFF 
cells responded at all frequencies investigated ( 1- 60 Hz) al though the response 
fro1n ·the sin1ulated OFF cell appears . much more robust (producing roughly 
two spikes within each cycle of the sti1nulus) than that typically observed in 
the data (where responses were 1nore sporadic) . 
9 
A 
25 
-N 
E- 20 
~ 
(.) 
C: 
Q) 15 :::, 
CT 
Q) 
~ 
10 
-0) 
C: 
~ 
·a. 5 (f) 
VJ - SELECTIVE SINUSOIDAL RGC ACTIVATION 
B 
25 
-N 
E. 20 
~ 
(.) 
C: 
~ 15 
CT 
Q) 
.!:: 10 
0) 
C: 
~ 
a. 5 (f) 
0 L_____,.____311, _______ _ OL____.__-----=._!_~~-----
0 1 0 20 30 40 50 60 0 1 0 20 30 40 50 60 
Stimulus frequency (Hz) Stimulus frequency (Hz) 
Figure 6.8. Spike rate as a function of stimulation frequency, for ON (red) and 
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Frequency-induced phase shift in spike timing 
A closer look at the tin1ing of action potentials within the sinusoidal stimulus 
cycle revealed a phase shift with frequency (fig. 6.9). Figure 6.9 (A) shows a 
histogra1n of ON cell spiking as a function of the sinusoidal phase at which 
the spike occurred , for experin1ental data. Figure 6.9 (B) contains sin1ulated 
data corresponding to figure 6.9 (A) . Action potentials fron1 both ON and 
OFF RGCs were initiated during the early depolarizing phase of the sinusoid 
at luw frequencies; shifting to the depolarizing peak with increasing frequency. 
The discrepancies observed between 1nodel and data are perhaps caused by 
the greater spike tin1ing variability encountered during experi1nentsi cornpared 
,vith that of sin1ulations. This could be attributed to the variability in synaptic 
input delivered to the RGC by the rod bipolar pathway ( 1lurph:y and Rieke ; 
2006 ): v,rhich has not been accounted for in sin1ulations. 
Influence of Ca2+ and hyperpolarization-activated currents 
One notable difference between ON and OFF cell physiology is the differential 
expression of low-voltage-activated (LVA) Ca2+ channels. LVA Ca2+ channels 
are expressed in OFF cells but not in ON cells (I\Iargolis et al. : 2010) . Using 
the n1odel OFF cell. I investigated the extent to which the obsen ed differ-
ences in the frequency response of ON and OFF cells n1ight be attributed to 
differences in LVA Ca2+ current . In the n1odel OFF cell ; LVA Ca2+ channels 
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are represented by the T-type calcium current icar· This is a transient cur-
rent, ceasing within 270 ins after initiation (Wang et al. , 1991). Si1nulations 
of the OFF cell were conducted with and without- the presence of the T-type 
calciu1n current. Figure 6.10 shows spiking frequency as a fun~tion of sti1nulus 
frequency for the n1odel OFF cell with gr= 4 x 10-4 S/c1n2 (blue line) and for 
the same 1nodel with icar removed (gr= 0 S/c1n2 ). In the absence of the T-
type calcium current, the response of the model cell is co1npletely suppressed 
for frequencies above rvl5 Hz, demonstrating that the expression of LVA Ca2+ 
channels is a likely 1nechanism allowing OFF cells to follow higher frequencies 
of stimulation. 
The differences between 1nodelled ON and OFF responses can be examined in 
tern1~ of the T-type LVA Ca2+ gating variables, m (representing the percentage 
of open channels) and h ( the proportion of inactivated channels). The 1nodelled 
T-type current takes the form 
Figure 6.11 shows the sin1ulated ON (red trace) and OFF (blue trace) re-
sponses to 30 Hz sinusoidal stin1ulatiori. At tin1e t 1 , due to the positive sinu-
soidal phase of the injected sti1nulus, the 1ne1nbrane potential reaches the level 
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at which T-type currents start to open (fig. 6.11 , horizontal dashed line). This 
level is identical for both ON and OFF cells . The 1ne1nbrane potential con-
tinues to rise with the depolarizing phase of the sti1nulus, eventually reaching 
the threshold for LVA Ca2+ channel activation. Since these channels are only 
present in the OFF cell, its associated n1e1nbrane potential continues to rise 
fron1 ti1ne t2 to t3 due to the influx of Ca2+ ions. Meanwhile, the n1en1brane 
potential of the ON cell starts to hyperpolarize in response to the negative-
going phase of the injected sinusoid. The additional depolarizing influence of 
the T -type currents in the OFF cell keeps the n1e1nbrane potential high enough 
such that the next cycle of the stin1ulus can drive the cell above t hreshold and 
elicit an action potential. 
This disparity between ON and OFF cell responses persists for higher frequen-
cies of stin1ulation. Figure 6.12 features the sin1ulated responses of ON and 
OFF cells to sinusoidal stin1ulation of 200 Hz. 
6.4 Discussion 
Intracellular sinusoidal sti1nulation vlas found to preferentially acti, ate certain 
retinal ganglion cell populations in t his stud}. A-type cells: vlhich are charac-
terised by large so1nata and dendritic fi elds: were found to be 1nore res_ponsive 
to higher sti1nulus frequencies ,vhen con1pared \ i\ ith cells of other n1orphologi-
cal classes . The recordings fro1n B cells ( sn1aller so1nata and dendritic fields), 
in spite of their paucity in the present data set: suggest that these cells are 
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the least responsive to high frequency stimulation. Further , cells of differing 
stratification were associated with differing frequency responses. OFF cells, 
regardless of cell type, were able to sustain activation over a broad range of 
stimulus frequencies, while ON cell spiking was very low for frequencies above 
30 Hz. This work also reveals a differential frequency response between large 
and small RGC subsets. Large cells, both in terms of dendritic field size and 
so1na size, were found to be 1nore responsive to high frequency intracellular 
sti1nulation con1pared to small cells. 
This last finding appears to conflict with the effect of n1orphology (i.e. size) 
described in Chapter 5 for extracellular biphasic stimuli. In that study, the 
small cells were better able to sustain activation at high stimulus frequen-
cies. There are differences , however , that 1nake co1nparison between the two 
1nodes of stin1ulation more equivocal. For the intracellular sinusoidal sti1n-
uli used in this chapter, the an1ount of charge injected per phase decreased 
with frequency. On the other hand, the per-phase charge was constant for 
the extracellular rectangular biphasic current pulses used in Chapter 5. An 
alternative intracellular stin1ulation protocol that would better compare with 
the extracellular protocol from Chapter 5 would keep the per-phase charge 
of a sinusoid constant by scaling the stimulus a1nplitude with frequency, for 
exan1ple. Cell type is another confounding factor. _While the A2 cell class was 
the only class exan1ined in Chapter 5, all cell types were under investigation 
in this study. As stin1ulation frequency increases, the likelihood of an injected 
pulse generating a spike beco1nes increasingly dependent on the input resis-
tance Rin of the cell, an intrinsic cell property that varies between each cell 
class. Large cells ( e.g. A-type), owing to their small input resistance , have 
small ti1ne constants T = RC, and so can be n1ore easily driven by repetitive 
sti1nuli . Conversely, s1nall cells ( e.g. B-type) exhibit large input resistances 
and so are unable to sustain high frequency activation. The data in figure 6.3 
validate these assertions , demonstrating that of the cell classes , A cells were 
the 1nost responsive, and B cells were the least responsive to high frequency 
sti1nulation. 
The experi1nental results of the present study were used to validate predic-
tions n1ade by single-con1parti11ent biophysical n1odels of ON and OFF RGCs 
(I{an1eneva et al., 2010), the construction of which was based on previous re-
ports of the ion channels present in these cells. Si1nulated ON RGCs were 
heavily suppressed by high sti1nulation frequencies (> 15 Hz , versus >30 Hz 
for the ON cells recorded here) , while si1nulated OFF cells were able to follow 
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of the sinusoidal st imulation is shown below. 
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st in1ulation frequencies of up to 60 Hz. The n1odel predicted an increasing 
phase lag in t he t in1ing of action potent ials wit h frequency, which was con-
fin11ed in t he experin1ental data recorded here . 
The n1odeling suggests t hat LVA Ca2+ current is largely responsible for the 
different band-pass characteristics observed between ON and OFF RG C re-
sponses to sinusoidal stin1ulation. At rest (1/;n = - 65 111 V) , t he LVA Ca2+ 
channels i present only in OFF cells i are closed. In t he case of sinusoidal stin1-
uli , t he hyperpolarizing phase serves t o re-activate enough of t hese channels 
to enable rebound action potent ials; vlhich are triggered by t he subsequent 
depolarizing phase. This process n1ost likely occurs during a spike gener-
ated afterhyperpolarization (AHP ) . It is thought that the OFF cells use t his 
rebound spiking n1echanisn1 t o generate a precisely ti1ned response t o light 
offset (T\1argolis et al i 2010) . 
Differences between ON ai1d OFF RGC responses t o electrical sti1nulation, 
often ,vith rect angular , biphasic, cathodic-first current stin1uli , have been in-
vestigat ed previously ( Sekirnj ak et al. , 2008; J ensen and Rizzo III , 2009; Cai 
et al. , 2011) . J ensen and Rizzo III (2009) reported -t hat n1ouse ON RGCs were 
n1ore sensitive t o cathodic-first pulses t han OFF cells. Electrical stin1uli '"'ere 
delivered using a single platinun1 vvire electrode. On the other hand, Sekirnj ak 
et al. (2008) did not report a statistically significant difference beb¥een ON 
and OFF parasol cell activation thresholds using n1ult ielectrode arrays in t he 
n1acaque. At present , t here is a distinct lack of inforn1ation regarding different 
RG C types and t heir responses to electrical stimulation at high frequency. One 
in vitro study of t he rabbit retina found t hat with a high enough sti1nulating 
an1plit udei brisk-t ransient cells were able to sustain pulse t rains irrespective 
of t he t ested frequenc}, generating one spike p er pulse for sti1n ulation rates as 
high as 600 Hz ( Cai et al. , 2011) . Con, ersely: n1ost other cell types investi-
gated in t his study were unable to follow pulse t rains at 300 Hz sti1n ulation. 
Yang et al. (2011 ) in, estigated rabbit RG C responses to subret inal stimula-
tion . Interestingly, t hey reported t hat ON cells responded to a greater range of 
frequencies: vl ith t he OFF cells effect ively silenced by stin1ulation frequencies 
great er t han 16 Hz. 
The idea of selectively act ivating RG Cs by n1eans of sinusoidal elect r ical stim-
ulation ,is not yet \\ ell explored . Free1nan et al . ( 2010) st udied the responses of 
rabbit retinal neurons t o ext racellular sinusoidal sti1nulation and found t hat 
RG Cs were n1ost sensitive to high frequency (100 Hz). t i1nula.tion, with bipolar 
:: 
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cells and photoreceptors preferentially activated by stirnulation at 25 Hz and 5 
Hz, respectively. The authors discovered that RGC axonal activation could be 
avoided by using lower frequency sti1nuli. Robinson and Chalupa (1997) used 
intracellular sinusoidal current injections to characterise the intrinsic prop-
erties of cat alpha and beta RGCs. These cells, although not classified by 
stratification, were found to have roughly the san1e ability in keeping up with 
repetitive stimulation, 111aintaining at least one spike per stimulus cycle for 
frequencies up to 10 Hz. In their study, the a1nplitude was adjusted so as 
to achieve the sa1ne hyperpolarization across all frequericies, in contrast to 
the present work where an1plitude was fixed for all frequencies, allowing for 
investigation of the cells filtering characteristics. 
Although our data suggests that sinusoidal sti1nulation can preferentially ac-
tivate ON or OFF pathways, it is unlikely that such a wavefon11 can be safely 
used at low frequency without 1nodification in a retinal prosthesis. A stan-
dard 10 Hz sinusoid, for instance, is effectively a symmetric, biphasic pulse of 
50 ins phase duration, the use of which would rapidly lead to electrode degra-
dation (Rose and Robblee, 1990). High frequency (>100 Hz) sinusoids, on the 
other hand, have an effective phase duration on the order of microseconds. It 
111ay be possible to take advantage of the differential expression of LVA Ca2+ 
channels to preferentially sti1nulate the OFF path~ay at such frequencies. On 
the other hand, a low frequency wavefonn may be ideal for conveying focal 
inforn1ation. A sti1nulating electrode will likely activate, in addition to nearby 
RGC so1nata, passing axons whose associated neurons supply input to a dif-
ferent cortical area (Elfar et al., 2009). It follows that in order to achieve 
focal activation of the retina, activation of fibres distant to the stimulating 
electrode should be mini1nised. In their study of the isolated rabbit retina, 
Freen1an et al. (2010) found that low frequency (10 Hz and 25 Hz) sinusoidal 
sti1nuli could excite a cell without exciting nearby axons, when the sti1nulat-
ing electrode was adjacent to the soma. A sinusoidal stimulus used for this 
purpose 1night, for example, e1nploy a smaller a1nplitude to co1npensate for 
the large per-phase charge associated with a waveforn1 of this type. 
These.results are based on the responses of RGCs in nonnal retina. Will similar 
results hold in the degenerate retina? It has been shown that RGC morphol-
ogy and physiology is inherently stable during photoreceptor degeneration and 
that 1nany functional characteristics ( e.g. balance of excitatory and inhibitory 
synaptic input, intrinsic firing properties, dendritic Ca2+ signalling) observed 
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in the v.rild-type rnouse are preserved in rd 1nice (:i\1argolis et al., 2008) . Con-
versely, retinal degeneration has been associated with n1arked variations in 
spontaneous activity and has been shown to affect certain cell types differ-
ently, with preferential preservation of OFF cell responses in the rd 1nouse 
(Stasheff, 2008) . The presense of this elevated spontaneous activity is further 
con1plicated by rhythn1ic 'waves' of spiking (Stasheff, 2008; :i\1Iargolis et al. , 
2008) . Further , the preservation of ON and OFF pathways will likely also 
depend on the type of degeneration. Stasheff et al. (2011) found that RGC 
light responses had been elin1inated by P28 in the rdl retina, while those of 
the rdlO retina persisted well beyond this age, expiring after P60. It re1nains 
to be seen how the degenerate retina will respond to sinusoidal sti1nulation, 
and I intend to pursue this line of work in future studies. 
6.5 Conclusions 
The present results shov1 that it is possible to preferentially activate certain 
RGC subsets using higher stin1ulation frequencies , and that frequency n1od-
ulation 1nay be useful in retinal prosthetic devices as a n1eans of eliciting 
selective activation of certain RGC populations that are differentiated by ei-
ther n1orphology, stratification, or size. Sin1ulations have also shown that the 
difference in frequency response between ON and OFF cells could potentially 
be caused by the expression of LVA Ca2+ channels in OFF but not ON RGCs. 
These findings could have in1portant i1nplications for the developn1ent of new 
stin1ulation strategies for visual prostheses. 
Chapter 7 
Summary 
In the first chapter, I established the n1erit of using the rat A2 ganglion cell as 
an object of study in n1y research. Over the course of the second chapter, I dis-
cussed the concept of prosthetic vision, together with several issues that remain 
proble1natic in current retinal prosthesis initiatives. I have sought to address 
the issue of selective electrical stimulation through work in chapters 5 and 6. 
Chapter 4 de1nonstrates the electrochemical viability of using nitrogen-doped 
ultra-nanocrystalline diamond as a 1naterial for delivering electrical stimuli to 
evoke a biological response. 
-
In this chapter I briefly summarise the key findings from chapters 4, 5, and 6 
and outline a nun1ber of potential directions for future research. 
Stimulating with N-UNCD 
Chapter 4 explored the feasibility of using N-UNCD electrodes to elicit neu-
ronal activation for prosthesis applications. Electrodes fabricated from N-
U.NCD possessed high electrochemical stability and bioco1npatibility, and were 
resistant to morphological and electroche1nical changes over long-tern1 contin-
uous .pulsing at charge injection lin1its. These electrodes exhibited a higher 
charge injection capacity than that of platinum ( though significantly lower 
than that of iridiu1n oxide) and were able to electrically activate RGCs while 
re1naining well within the electrochen1ical limits of the 1naterial. It is also 
possible , using the fabrication techniques described in Chapter 4, to 1nanipu-
late the dian1ond n1aterial to suit a variety of applications. The device being 
developed as part of the Bionic Vision Australia initiative will utilize these 
electrodes in the form of 100 x 100 µ1n square pads. The s1naller di1nensions 
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should allow for n1ore precise patterns of electrical stin1ulation, which is ex-
pected to increase the n1axin1un1 spatial resolution of the prospective retinal 
prosthesis. 
Optimal electrical activation of RGCs 
'\i\Tork in Chapter 5 investigated how the para1neters of an electrical waveforn1 
could be adjusted to increase efficacy, while preserving the injected per-phase 
charge. Recordings were n1ade exclusively from rat A2 retinal ganglion cells. 
The wavefonn under consideration was a rectangular biphasic pulse, the same 
type of wavefonn e1nployed by the current generation epiretinal implant of 
the Bionic Vision Australia retinal prosthesis initiative (Bionic Vision Aus-
tralia, 2013). Accordingly, efficacy is defined as the proportion of sti1nuli that 
successfully evoked a biological response fro1n the target RGC. 
RGCs invariably favored a cathodic-first pulse of short first-phase duration , 
with a s1nall interphase interval. First-phase duration and polarity were found 
to have the largest effects on activation thresholds. Results from the preli1ni-
nary parameter survey de1nonstrated that on average, a 480 µs-per-phase pulse 
required 19 nC n1ore charge per phase to reach activation threshold , in co1n-
parison to a 60 µs-p er-phase pulse. A cathodic-first pulse required 11 nC less 
injected per-phase charge to reach activation threshold , relative to an anodic-
first pulse. The n1edian per-phase charge of the baseline wavefonn prior to 
optin1isation ( cathodic-first, syn11netric, 120 µs per phase, no interphase inter-
val) was 21 nC. 
Every retinal ganglion cell investigated appeared to prefer one of three differ-
ent electrical wavefonns , as described in Chapter 5. The 1najority of RGCs 
(>60%) were n1ost sensitive to a highly asy1n1netric waveforn1, with phase 
duration ratio PDR = pd2 / pd1 = 480/60 = 8. A sn1aller proportion (17%) 
was n1ost responsive to a sy1n1netric wavefonn (PDR = 1). The re1naining 
cells (22%) were responsive to pulses of short first-phase duration: regardless 
of asyn1n1etry. 
All RGCs beca1ne desensitised to repetit ive electrical stin1ulation. The like-
lihood of an injected pulse evoking an action potential appeared to converge 
to a specific level by the thirtieth pulse and this level fell with frequency. 
vVhile a link between cellular n1orphology and waveforn1 preference was not 
observed. cells with s1naller so1nas and dendrit ic fields were better able to 
sustain electrical sti1nulation at high frequency. 
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The review of Merrill et al. ( 2005) sun1n1arises several con1n1only used rectan-
gular , biphasic waveforms in electrophysiology, as well as their relative efficacy. 
The authors note that cathodic-first, asy1n1netric wavefonns and those which 
utilise nonzero interphase intervals are n1ore effective than cathodic-first, sym-
metric pulses , which in turn are 1nore effective than anodic-first, sy1n1netric 
pulses. My results are congruent with these findings. When con1pared to 
other waveforn1s in this review, the optin1al electrical wavefonn as defined by 
1ny study is thought to be relatively efficacious and is not associated with high 
levels of electrode corrosion. 
My study was limited to a single RGC type, the rat A2 cell. This alpha-like 
cell has been identified in every mammalian species investigated (Wassle and 
Boycott, 1991; Peichl , 1991) and its n1orphological homologue in the hu1nan 
is the parasol ganglion cell (Huxlin and Goodchild, 1997; Sun et al., 2002), 
which is pri1narily responsible for encoding transient, low-resolution motion 
signals ( e.g. Schiller and Logothetis, 1990). To achieve a high level of spatial 
acuity, retinal prostheses will likely need to target the 1nidget ganglion cell 
population of the hun1an retina. It re1nains an open question as to how the 
opti1nal sti1nulus waveform n1ight differ for different RGC types such as midget 
cells. However , one significant hurdle to addressing this question is that the 
n1idget hon1ologue has not yet been identified in any other 1nodel species. 
Selective sinusoidal activation of RGCs 
In Chapter 6, intracellular sinusoidal current inj ections were used to reveal sig-
nificant differences in how certain RGC subsets responded to high frequency 
stin1ulation. Here, I de1nonstrate that high frequency stimulation can bias neu-
ral activation in the A cell population over all other cell types. B cells appear 
to be the least responsive, failing to respond to frequencies n1uch above 20 Hz. 
Cells differentiated by stratification also expressed differential frequency re-
sponses. OFF cells were able to sustain repetitive activation over all tested 
frequencies , while ON cell responses were heavily suppressed for stimulation 
frequencies of 1nore than 30 Hz. Recordings from ON-OFF RGCs were used to 
deinonstrate that the frequency response of these cells appears to be a hybrid 
of the ON and OFF responses. As was discovered in Chapter 5, large and 
s1nall cells differed in their responsiveness to repetitive sti1nulation, though 
for these intracellular sti1nuli , the large~ cells were better able to sustain high 
frequency activation. 
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Hodgkin-Huxley 1nodels of ON and OFF RGCs ,;vere used to sin1ulate fre-
quency responses of each cell type , and these were con1pared ·with ON and 
OFF RGC recordings. The general features of the experin1entally observed 
responses agreed with those of si1nulated responses. Additional si1nulations 
suggest that the observed difference bet,iVeen ON and OFF cells 1nay be at-
tributed to the expresson of low-voltage-activated Ca2+ currents in OFF but 
not ON RGCs. 
7.1 Implications for retinal prostheses 
In Chapter 5, I discovered that s1naller cells were better able to keep up with 
high frequency stin1ulation. Quigley (1998) found that larger cells were 1nore 
susceptible to degeneration in his study of glaucon1a. If this is also a char-
acteristic of degeneration in the case of retinitis pig1nentosa, n1y finding n1ay 
appear encouraging. Even within the single cell type considered in this in-
vestigation, there is considerable variation in the ability of a cell to sustain 
repetitive stin1ulation at high frequency, which is strongly correlated to the 
size of the cell. If this is a general property that applies to all RGCs irre-
spective of cell type , t hen it stands to reason that s1naller cells , which are 
1nore likely to transn1it fine spatial detail , will be better equipped to follow 
repetitive prosthetic sti1nulation. 
If short pulses result in direct RGC activation and direct activation is caused 
by electrical stin1ulation of local fibres , then short , cathodic pulses such as 
those found in n1y study n1ay in fact be selective for fibres rather than cell 
bodies . 1\1cintyre and Grill (2000) e1nploy sti1nuli of relatively short phase 
duration (200 µs) in t heir con1putational study and predicted that a cathodic 
stin1ulus activating 70% of passing fibres will also activate 10% of local cells . 
An otherwise equivalent anodic sti1nulus activating 70% of local cells also 
activated 25% of fibres . Indirect activation 1nay offer better spatial resolution 
largely because the targeted bipolar cells do not have lateral axons . If t his 
is true, the electrical wavefon11 en1ployed in a co1nn1ercially successful retinal 
prosthesis will likely require additional charge to preferentially stimulate cell 
bodies and so n1ay not be opti1nal in tenns of charge n1ini1nisation. 
Free111a11 et al. (2010) use extracellular sinusoidal sti1n ulation to preferentially 
activate different cell types in t he isolated rabbit retina. RGCs were best 
activated by high frequency (1 00 Hz) sti1nulation. The authors also found 
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that while low frequency (10 Hz and 25 Hz) stin1uli could be used to excite the 
cell when the sti1nulating electrode was in close proximity to the so1na, spiking 
could not be initiated fro1n the axon, even for the largest tested an1plitudes. A 
retinal prosthesis working to deliver fine spatial detail could potentially avoid 
the quandary of axonal activation by delivering short pulses at low frequencies. 
Conversely, rapid , non-focal visual information such as 111otion detection might 
best be conveyed using high frequency sti1nulation of the periphery. 
My intracellular study in Chapter 6 is the first that co1npares the electrical 
responses of RGCs on the basis of morphology. This is in1portant because, as 
detailed in the first chapter, anatomically distinct cell types encode particu-
lar aspects of visual processing. An in vitro stimulation strategy that elicits 
activation in selective neural populations would facilitate characterisation of 
the bioelectrical interactions that result fron1 prosthetic stin1ulation, thereby 
allowing for the developn1ent of a more infonned sti1nulation strategy in the 
i1nplant , and hopefully, the evocation of 1nore 1neaningful prosthetic vision. 
7.2 Future work 
There are several ways in which the work in Chapter 5 can be extended. One 
option would be to repeat the optin1ization procedure for ~nother cell type, 
ideally one whose properties mirror that of the 111idget ganglion cell. Should 
the optimal wavefonn for this cell be substantially different to that of the 
A2 cell (and notionally by extension, the parasol cell), it may be useful for a 
retinal prosthesis to en1ploy both wavefonns to recreate different co1nponents 
of the visual scene - the opti1nal parasol waveforn1 for peripheral vision and the 
opti1nal 111idget waveform for central vision, for exa1nple. If these wavefonns 
cannot preferentially stimulate the midget or parasol pathways , it may yet 
be possible to find wavefonns that bias neural activation in the ON or OFF 
pathways. 
The optin1al wavefon11 1nay also depend on the effects of retinal degeneration, 
particularly in advanced stages of disease where retinal circuitry can be sig- . 
nificantly altered in both structure and . function. Synaptic inputs were not 
controlled for in my study, and so the extent to which the retinal network in-
fluenced RGC wavefonn preference is unknown. Accordingly, it 1nay be worth 
blocking synaptic input to examine the effect on the optimal wavefoqn. De-
pending on the site of sti1nulation, it could potentially be of value to consider 
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the opti1nal waveforn1 for another retinal neuron class . In the case of a subreti-
nal or suprachoroidal in1plant , finding the optin1al v. aveforn1 for the bipolar or 
an1acrine cell n1ay be of greater n1erit. 
\i\Tith advances in retinal prosthesis developn1ent , the capacity of present-day 
sti1nulators to deliver n1ore con1plicated electrical waveforn1s (that differ fro1n 
the "tried-and-true" subset) should eventually becon1e widespread. It is clear 
that the use of rectangular , biphasic pulses represents the pri1nary constraint 
of 1ny study, and so consideration of other wavefonn types such as sinusoids 
and Gaussian functions constitutes a natural extension to this work. A sin1ple 
idea would be to replace each phase of the optin1al wavefonn v.rith a sinusoidal 
half-phase of equivalent charge and to see how this influences efficacy. 
Appendix A 
Simulation Parameters 
Table A.l. Simulation parameters for equation (6 .1) in Chapter 6. 
Parameter Value 
R 
F 
[Ca2+]e 
[Ca2+]i(t) 
[Ca2+]diss 
[Ca2+ ]res 
TCa 
T 
Cm 
VNa 
VK 
VL 
vi 
VT 
Vca (t) 
9Na 
9K 
9K ,A 
9 Ca 
9L 
.9K(Ca) ( t) 
9h 
9T 
9NaP 
8.314 J / (M·K) 
9.684 X 104 
1.8 n1M 
d[Ca2+ ]i(t) _ -3Ica(t) [Ca2+]i(t)-[Ca2+]res 
dt 2FR 'tCa 
10- 6 M 
0.1 µM 
1.5 ins 
22°c 
1 µF / cn12 
35 1nV 
-70 1nV 
-60 1nV 
OmV 
120 mV 
RTl ( [Ca2+]e ) 
2F n [Ca2+]i(t) 
4 x 10- 2 S/c1n2 
1.2 x 10- 2 S/c1n2 
3.6 x 10- 2 S/c1n2 
2 x 10- 3 S/c1n2 
5 x 10- 5 S/cm 2 
2 X 10-3 . ([Ca2 +] i (t)/[Ca2 +]diss )2 
l +([Ca2+ ]i (t) /[Ca2+ ]di ss ) 2 
0 < .9h < 1 x 10-5 S/cm 2 (ON RGCs) 
2 x 10-5 < .9h < 1 x 10- 4 (OFF RGCs) 
0 S/c1n2 (ON RGCs) 
4 x 10- 4 < .9T < 12 x 10- 4 S/c1n2 (OFF RGCs) 
0 < .9NaP < 1 x 10- 5 S/cn12 (ON RGCs) 
5 x 10-s S/cm 2 (OFF RGCs) 
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Variables r11 ;h ;c;n; a , h A, l , 1nT ,P in 6.1 reflect the opening and closing of 
voltage-gated ion channels and satisfy the following: 
dx 
dt =-(ax+ f3x )x + ax , 
where x is the gating variable. The rate of change hT has the following second-
order dynamics: 
where d satisfies 
Table A.2. Rate constants for voltage-gated ion channels. Voltage is in units of 
millivolts . 
Param et er 
Na+ channel 
Ca 2+ channel 
K+ channel 
A channel 
h channel 
T channel 
NaP channel 
[V < -40 ) 
[V > -40 ) 
a 
_ - 0.6(V +30) 
am - e-o.1(V+3o) _ 1 
ah = 0 .4 e-(v +50)/20 
_ - 0.3(V + 13) 
ac - e-O.l(V+13) _ 1 
, _ -0.02(V +40) 
an - e-O.l(V+4o)_ 1 
_ -0.006(V +90) 
aa - e-O.l(V+90)_ 1 
ahA = 0.04e-(V + 70) / 20 
az = e 0.08316(V + 75) 
amT = (1.7 + e-(V+28.8)/13 .5)-1 
ahT = e-(V +160. 3)/17.8 
_ l+e(\/+37.4) / 30 
ad - 240(0.5+(0.25+e(V +83.5)/6.3 )0.5) 
0.025+0.14e(V + 4o)/ lO 
ap = l +e-(\/ +48) / 10 
0.02+ 0.145e(\/ + 4o) / l 0 
ap = l+e- (V+4S) / 10 
/3 
f3m = 20e-(V +55)/18 
/3h = l+e-O-~(V+20) 
/3c = l0e-(V + 38) / 18 
/3n = 0.4e-(V +50) /80 
f3a = O. l e-(V + 30)/10 
/3 0.6 hA = l +e-0.1(\/+40) 
/3z = e 0.033264(V + 75) 
/3 _ l +e-(\/+63)/7.8) ffiT - 1.7+e-( V+28.8)/13 .5 
f3hT = ahT((0 .25 + e(V+83 .5)/6.3) 0.5 - 0 .5) 
f3d = ad(o .25 + e(V+83.5)/6.3) o. s 
l-(l +e- ( \1 +48)/ 10) - l 
0.025+0.14e(V + 4o)/ lO 
l-(1 +e-(V +48)/ 10)-1 
0.02+0.1 45e(V +4o)/ lO 
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